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ABSTRACT 
 
Shear Connections for the Development of a Full-Depth Precast Concrete Deck System. 
(May 2009) 
Matthew Dale Henley, B.S., Texas A&M University 
Chair of Advisory Committee: Dr. John Mander 
 
A full-depth precast concrete deck system presents several safety, timeline, and 
cost benefits to the process of constructing a bridge, however the relevant professional 
codes do not provide dependable design models due to the limited amount of research 
conducted on the subject.  One area lacking design direction is the development of a 
shear connection between the full-depth precast deck and a precast concrete girder via a 
pocket-haunch-connector system.  Push-off tests are performed to investigate the effects 
of various pre- and post-installed shear connectors, haunch height, surface roughness, 
grouping effects, and grout composition as  compared to cast-in-place specimens.  The 
experimental results are presented along with a method for normalizing the variations of 
results by connection yield strength.  This method is used to evaluate each connector 
type and connection parameter investigated.  Ensuring sufficient shear reinforcement 
within the beam near the shear connector anchorage is found to be a vital aspect of 
holistic design.  A simplified design procedure is outlined, the design connection force-
displacement behavior is shown, and an example problem is solved.  Recommendations 
for additions and modifications to current code and practice are prescribed.  
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NOMENCLATURE 
 
AASHTO American Association of State Highway Transportation Officials 
ACI American Concrete Institute 
AISC American Institute of Steel Construction 
BC Bolt with coupler shear connection 
CCD Concrete capacity design 
CIP Cast-in-place 
KB Kwik-bolt mechanical anchor shear connection 
LRFD Load and resistance factor design 
LVDT Linear variable differential transducer 
NCHRP National Cooperative Highway Research Program 
NS Nelson stud 
R R-bar shear connection within a pocket system 
SIP Stay-in-place 
TR Threaded rod shear connection 
TRC Threaded rod with coupler shear connection 
TRE Threaded rod post-installed in epoxy 
TRS Threaded rod post-installed in SikaGrout® 212 
TRS/AG Threaded rod post-installed in an alternative grout 
TTI Texas Transportation Institute 
TxDOT Texas Department of Transportation  
VTRC Virginia Transportation Research Council 
w/p Water-to-powder ratio 
a Width of shear test beam 
Acv Concrete shear interface area 
As Area of one shear connector 
Asc Cross-sectional area of stud shear connector 
Ase,v Effective cross-sectional area of a single anchor in shear 
 vi
Asf  Area of steel in one fastener 
Ash  Area of steel in one hoopset 
Asv Combined connector area 
Avf Area of interface reinforcement area crossing the shear plane 
c Cohesion factor 
d Stud diameter 
e Eccentricity 
Ec Concrete modulus of elasticity 
Es Steel modulus of elasticity 
F Shear force 
f’c Concrete compressive strength 
fcu Concrete cube compressive strength 
fu Ultimate strength of steel 
fuf Tensile strength of shear connector 
futa Specified tensile strength of anchor steel 
fy Reinforcement, connector yield stress 
fya Specified yield strength of anchor steel 
fyf Yield stress of shear connector 
fyh Yield stress of hoop steel 
H Stud height 
hef Anchor effective embedment depth 
jd Distance between resultant internal compressive and tensile forces 
lp Length of precast deck panels 
n Number of hoopsets, pockets, or anchors required 
nf Number of fasteners in a pocket 
P Prestressing anchoring force 
Pc Permanent net compressive force normal to the shear plane 
Pn Additional normal force 
Pu Maximum shear load 
 vii
q Shear per unit length 
Q Design shear 
Qn Nominal strength of one stud shear connector 
Qp Design shear per panel 
Qu Ultimate shear strength 
s Center-to-center spacing of hoopsets, pockets 
V Lateral force 
Vin Interface shear per unit length 
Vsa Nominal strength of an anchorage 
νui Shear stress at initial breakaway 
νui/√f'c  Normalized shear stress 
y Height above laboratory floor 
μ Friction factor 
μc Inferred friction coefficient 
μf Effective coefficient of friction for a fastener system  
μg Coefficient of friction of the grout-to-panel interface 
ߪ  Maximum floor stress 
φ Compression strut angle from vertical 
 viii
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CHAPTER I 
INTRODUCTION 
 
1.1  Background 
In the United States and elsewhere, there is a concerted push to develop 
accelerated methods of construction for bridges in order to reduce the direct and indirect 
impacts to cost and downtime of the transportation infrastructure.  Bridges are  
commonly constructed from steel or precast prestressed concrete girders with bridge 
deck that is either cast-in-place (CIP) (see Fig. 1(a)) or composed of stay-in-place (SIP) 
partial-depth precast deck panels with a second-stage CIP pour to complete the deck (see 
Fig. 1(b)).  The on-site placement of the reinforcing steel and the casting of the deck for 
either of these methods slow the construction progress significantly.  This research is 
about speeding up that particular construction activity by using full-depth precast 
prestressed deck panels in conjunction with steel or precast prestressed concrete girders. 
 If full-depth precast deck panels are also used in the construction of the bridge, a 
method is required to connect the panels to the girders.  In this thesis, methods that 
utilize shear fasteners to provide this connection are investigated.  Pockets that are 7 x 
10 in. (178 x 254 mm) are formed through the entire depth of the precast deck panels at 
the time of casting and then used as a means of access to attach the fasteners to the 
girders (see Fig. 1(c)).  Therefore no field placement of concrete needs to be undertaken, 
and site work is limited to installing the fasteners and placing grout in the pockets to 
complete the connection and provide cover.  Thus this construction method has the 
potential to provide significant time and cost savings for the project, provided that the 
connection can be designed to reliably transfer the shear load. 
Prior to the development of the precast bridge deck overhang system investigated 
within this  thesis,  composite action between a CIP deck or  SIP precast  panel deck  and 
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Fig. 1–Bridge deck construction methods. (a) CIP construction  (b) conventional 
construction utilizing SIP partial-depth panels  (c) proposed precast deck panel 
system investigated in this research. 
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the precast concrete girders was achieved through reinforcement extended beyond the 
top surface of the girder.  This reinforcement commonly consisted of inverted U-shaped 
bars, referred to in Texas Department of Transportation (TxDOT) drawings as R-bars.  
Continuity was established by a CIP pour, thereby linking a second layer of continuous 
reinforcement to the existing reinforcement located between the panels at the deck-girder 
interface.   
Despite eliminating the need for formwork where the panels are placed, the SIP 
system still requires formwork for the CIP overhang system.  The construction of this 
formwork is a safety concern, as it is entirely elevated and extended outside the fascia 
girders.  Additionally the construction of this formwork slows the progress of 
construction, adding to direct and indirect costs of the structure.  Therefore if a full-
depth precast deck system, including the overhang, were developed, there is a potential 
to save time, money, and minimize a hazardous working environment. 
Due to the inherent nature of having a precast overhang, options are needed to 
achieve precast deck panel to concrete girder composite action through the use of shear 
pockets within the panels.  However, the code generally governs bridge construction, the 
American Association of State Highway Transportation Officials (AASHTO) Load and 
Resistance Factor Design (LRFD) Bridge Design Specification (AASHTO, 2007), does 
not address this design consideration for interface shear transfer (shear friction) in full-
depth panels.  More specifically, AASHTO LRFD C5.8.4.1 states  
Composite section design utilizing full-depth precast deck panels is not 
addressed by these provisions.  Design specifications for such systems should be 
established by, or coordinated with, the Owner. 
Therefore, the connection detail of these shear pockets needs to be examined in terms of 
force-deformation performance and constructability and then compared to conventional 
construction to ensure the new precast system is not inferior.   
In this thesis, the design methodology is based on the state-of-the-art and state-
of-the-practice to determine the number and spacing of shear studs needed in a pocket as 
well as the spacing of pockets over the length of the beam.  This is based on a dual 
approach that includes both experimental and rational mechanics theories.  Several 
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combinations of grout and shear stud spacing not currently covered in the literature were 
evaluated and tested.  Experiments were conducted that realistically represent the 
boundary conditions in a prestressed concrete girder bridge, as the aspects of the 
connection’s interaction with the structure of the girder and deck are vital to developing 
a dependable design envelope for the composite system.  Specifically, there are four 
objectives of this thesis: 
1. To capture the force-displacement behavior of various connectors and 
configurations due to increasing applied lateral load 
2. To compare the performance of these connectors within the deck-haunch-beam 
system to validate the proposed standard construction practice of shear 
connections for full-depth precast bridge decks 
3. To evaluate different alternatives to optimize the performance of the system 
while considering constructability, cost, and accessibility of materials. 
4. To prepare a simple design model and illustrate its application through an 
example shear connector/pocket design for a prototype prestressed concrete 
girder bridge with a full-depth concrete deck 
 
1.2  What then is particularly new in this thesis? 
 As with any experimental research, the actual experiments performed for this 
thesis and presented herein are unique.  Somewhat similar testing has been accomplished 
previously, but the experimental test setup is particularly different in order to more 
precisely simulate the connection of a prestressed concrete girder and a full-depth 
concrete deck via a pocket system.  The set of shear connectors tested is also unique and 
provides data both for construction of a prototype bridge and for exploration of different 
types of connections to be applied in the practice of designing future structures. 
 Another valuable, though unintended, aspect of this thesis is the discovery of the 
importance of the hoop reinforcing in the experiment’s shear test beams due to the 
concentration of shear demand.  This also reminds researchers and practicing engineers 
of the importance of holistic look at a system, particularly those that are not well 
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understood, and the importance of ensuring proper detailing in the application of such a 
system to structural design.  
This thesis also presents a design method for application of this full-depth panel 
system.  An example of the design method is shown for a 36.5-m (120-ft.) span bridge to 
demonstrate its efficacy. 
 
1.3  Organization of thesis 
This thesis is organized into chapters of related information.  Following on from 
this introductory chapter, Chapter II outlines the state-of-the-practice by reviewing the 
current professional codes and the state-of-the-art by reviewing the relevant technical 
literature on the subject.  Chapter III explains the experimental test setup and the 
specimens to be tested.  Chapter IV presents the results of the experiments while Chapter 
V contains a detailed analysis of those results.  Chapter VI presents a simple design 
procedure along with an example that can be followed for designing the shear 
connections for a bridge span of this type.  Chapter VII contains the summary, findings, 
conclusions, and recommendations for future research and engineering practice. 
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CHAPTER II 
STATE-OF-THE-PRACTICE AND -ART 
 
2.1  Introduction 
 This chapter first reviews the state-of-the-practice currently used in the design of 
concrete shear connections as per the pertinent sections of professional codes currently 
in use in engineering practice, including AASHTO LRFD (AASHTO, 2007), American 
Concrete Institute (ACI) Building Code Requirements for Structural Concrete, ACI 318-
08 (ACI Committee 318, 2008), and American Institute of Steel Construction (AISC) 
13th Steel Construction Manual, AISC-13, (AISC, 2005).  Also included in the review of 
the state-of-the-practice is an overview of the research that led to the formulae used in 
the professional codes. 
 The latter portion of this chapter covers the state-of-the-art of concrete shear 
connections by providing a review of recent research on the subject.  Contributions to 
the understanding of structural behavior are noted, as are shortfalls in application to the 
specific situation covered in this thesis.   
 
2.2  State-of-the-practice: current professional codes 
2.2.1  AASHTO LRFD bridge design specification 
The AASHTO LRFD Bridge Design Specification Section 5.8.4 covers interface 
shear transfer by shear friction, though the commentary specifically states “Composite 
section design utilizing full-depth precast deck panels is not addressed by these provisions.  
Design specifications for such systems should be established by, or coordinated with, the 
Owner.”  Nevertheless, the principles for calculating the shear resistance of the interface 
plane can serve as an effective starting point for this thesis.  Equation 5.8.4.1-3 provides 
the nominal shear resistance of the interface plane, ௡ܸ௜, as 
 ௡ܸ௜ ൌ ܿܣ௖௩ ൅ ߤ൫ܣ௩௙ ௬݂ ൅ ௖ܲ൯ (1) 
where ܿ is the cohesion factor, ܣ௖௩ is the concrete shear interface area, ߤ is coefficient of 
friction, ܣ௩௙ is the area of interface shear reinforcement crossing the shear plane within 
7 
 
 
the area ܣ௖௩, ௬݂ is the yield stress of reinforcement, and ௖ܲ is the permanent net 
compressive force normal to the shear plane.  This equation reflects two mechanisms 
that resist interface shear forces: the bond between the separate castings and the 
clamping-friction provided by the shear connection.  The average bond breakage shear 
stress between the separate castings is generally approximated as 0.5ඥ݂Ԣ௖ for ݂Ԣ௖ in MPa 
(4ඥ݂Ԣ௖ for ݂Ԣ௖ in psi), a value which corresponds closely to the ܿ values provided in 
AASHTO LRFD 5.8.4.3 for use in Equation (1), which range from 0.17 to 2.75 MPa. 
 It is notable that AASHTO LRFD discriminates the values of the constants for 
Equation (1) based on whether or not the concrete surface has been intentionally 
roughened.  Specifically, a roughened surface provides a better bond with the concrete 
cast upon it and a higher coefficient of friction.  For example, for concrete placed against 
a clean concrete surface, free of laitance, but not intentionally roughened, AASHTO 
LRFD 5.8.4.3 gives ܿ=0.075 ksi and ߤ=0.6.  For an otherwise identical case with a 
surface intentionally roughened to an amplitude of 0.25 in., the code gives ܿ=0.24 ksi 
and ߤ=1.0.  Therefore, the ܿ value is drastically increased and the ߤ value is also 
increased due to intentional surface roughening.   
2.2.2  ACI 318-08: Building Code Requirements for Structural Concrete 
ACI 318-08 Appendix D contains the code and commentary pertinent to 
anchoring in concrete, including tension, shear, and combined loading of CIP and post-
installed anchors.  Anchorage of full-depth precast connections is not discussed directly. 
For both conventional tension and shear of anchors, the concrete failure cone is 
assumed to be േ1.5݄௘௙ on either side of the anchor, where ݄௘௙ is the effective 
embedment depth of the anchor.  Factors are outlined for dealing with single anchors, 
groups of anchors, eccentric loading, edge effects, and cracking.  The steel strength of 
the anchor in shear is outlined in D.6.1.2, which gives the nominal strength of an 
anchorage, ௦ܸ௔, for a cast-in headed stud anchor and for a cast-in headed bolt or post-
installed anchor as Equations (2) and (3), respectively 
  ௦ܸ௔ ൌ ݊ܣ௦௘,௩ ௨݂௧௔ (2)
 ௦ܸ௔ ൌ ݊0.6ܣ௦௘,௩ ௨݂௧௔ (3) 
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where ݊ is the number of anchor(s) in the group, ܣ௦௘,௩ is the effective cross-sectional 
area of a single anchor in shear, and ௨݂௧௔ is the specified tensile strength of the anchor 
steel (൑ 1.9 ௬݂௔ ܽ݊݀ 125 ݇ݏ݅, where ௬݂௔ is the specified yield strength of the anchor 
steel).  The commentary specifies that the tensile strength is in the calculations for 
nominal shear strength rather than the yield strength because most anchor materials lack 
a well-defined yield point.  The commentary also specifies that welded stud anchors 
develop a larger shear strength due to the fixity of the weld.   
 When comparing Equations (2) and (3) with (1), it follows that ACI 318-08, 
perhaps rightly, neglects the cohesive anchorage in the expectation that it will inevitably 
fail, but this is overtaken by the frictional resistance arising from the tie-down force.  
Equations (2) and (3) infer that the coefficient of friction is ߤ=1.0. 
2.2.3  AISC-13 
Chapter I of AISC-13 prescribes the provisions for design of composite members 
within a structure, that is, “steel beams supporting a reinforced concrete slab so 
interconnected that the beams and the slab act together to resist bending.”  The shear 
connection between the steel member and the reinforced concrete slab is generally 
provided by a channel or headed stud, though current practice tends heavily toward the 
latter due to ease of installation.  AISC-13 calculates ܳ௡, the nominal strength of one 
stud shear connector:  
  ܳ௡ ൌ 0.5ܣ௦௖ඥ݂Ԣ௖ܧ௖ ൑ ܣ௦௖ܨ௨ (4) 
where ܣ௦௖ is the cross-sectional area of stud shear connector, ݂Ԣ௖ is the specified 
compressive strength of the concrete, ܧ௖ is the modulus of elasticity of the concrete, and 
ܨ௨ is the specified minimum tensile strength of a stud shear connector. 
 Though this thesis focuses almost exclusively on the connection of concrete to 
concrete, the behavior of a steel-concrete composite connection is somewhat similar.  A 
concrete-concrete connection could be modeled as both halves acting as a CIP concrete 
component with the weaker controlling.  In the case of this thesis, the precast panels 
introduce an additional difference in that the concrete is not cast on the studs, rather a 
pocket-grout connection is made.  
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 It is not possible to infer a friction coefficient from the first part of Equation (4); 
presumably this is based on other serviceability performance criteria.  However, the 
second part of Equation (4) infers the friction coefficient is ߤ=1.0.  For strong concretes 
this normally governs. 
 2.2.4  Research that developed the state-of-the-practice 
Among the earlier key works on the subject of shear connections is a study of the 
shear connection between steel girders and concrete specimens as provided by headed, 
welded studs (Olgaard et al., 1971).  Though there are differences between a steel and 
cast-in-place concrete shear connection and a precast concrete to cast-in-place concrete 
shear connection, this study provides much of the basis for standards of shear connection 
design.  Through a regression analysis of the results of a series of push-off experiments, 
Olgaard et al. find the following formula to closely correlate to the behavior of the 
specimens: 
 ܳ௨ ൌ 1.106ܣ௦݂′௖
଴.ଷܧ௖
଴.ସସ (5) 
However, in order to more easily utilize the empirically derived relationship in design, 
the authors satisfactorily simplify Equation (5) to give Equation (6). 
 ܳ௨ ൌ 0.5ܣ௦ඥ݂′௖ܧ௖ (6) 
where Qu is the ultimate shear strength (kips), f’c is the concrete compressive strength in 
ksi, Ec is the concrete modulus of elasticity in ksi, and As is the cross-sectional area of 
the stud shear connector (in2).  Equation (6) is the same equation currently used in 
AISC-13 as shown in Equation (4). 
 Additional guidance for current codes was taken from an earlier study on the 
flexural strength of composite beams (Slutter and Driscoll, 1965).  In this work, steel-
concrete composite beam flexure tests are performed with varying headed stud and 
channel shear connection arrangements.  The authors conclude that there is a definite 
relationship between the ultimate strength of the shear connectors and the ultimate 
flexural capacity of the beam, that fulfilling equilibrium at ultimate load provides a 
suitable criterion for determining the minimum number of shear connectors, and that if 
enough shear connectors are used to develop the ultimate flexural capacity of the 
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composite section the load-deflection curve is not affected significantly by the 
magnitude of slip. 
 A relatively simple and user-friendly method for accurate and efficient 
calculation of shear and tensile capacities of fasteners in uncracked concrete, called the 
concrete capacity design (CCD) method, was developed and published in a more recent 
study (Fuchs et al., 1995).  In this work, the tension and shear failure mechanisms of 
various concrete fastenings are outlined along with the failure load calculation methods 
prescribed by ACI 349.  The CCD method for tensile and shear capacity calculation is 
then presented, differentiated from the ACI 349 method by the primary assumption of a 
failure cone of approximately 35° instead of 45° and by the use of several factors to 
account for differences in connection and loading details.  The ACI 349 and CCD 
methods are then applied to a data bank of approximately 1200 American and European 
tests.  Results show that the CCD method can accurately predict failure for a wide range 
of applications, while the ACI 349 method is sometimes conservative and sometimes 
unconservative.  Due to this important disparity of accuracy and the fact that CCD 
methods is more user-friendly for design, Fuchs et al. recommend the CCD method as 
the basis for the design of fastenings.  Since the publication of that paper, the CCD 
method has been integrated as part of the provisions for design in ACI 318-08 Appendix 
D. 
 
2.3  State-of-the-art: literature review of previous research 
Oehlers and Sved (1995) presents a mechanics-based analysis and explanation of 
composite beams with limited-slip-capacity shear connectors.  A procedure is developed 
that can be used to design composite steel-concrete beams with very low (< 60%) 
degrees of shear connection, yielding good correlation to published data. 
Burnet and Oehlers (2001) presents an analysis procedure for determining the 
flexural capacity of a partial-composite steel-concrete beam.  A design procedure 
presented allows for the elastic, elastic-plastic, and plastic properties of the beam section 
and for both strength and ductility of the shear connectors.  A distinction is made 
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between the slip capacity of the shear connectors that is required in order to reach the 
ultimate flexural strength of the composite beam and that capacity that is required in 
order to ensure full plastic deformation of the member.  This allows for the prevention of 
premature shear connectors fracture and, therefore, a ductile failure mechanism to occur.    
Shirvani et al. (2004) is the first in a coupled set of journal papers regarding 
breakout capacity of anchors in concrete, this one focusing on tension.  The study 
presents a probabilistic evaluation of the 45-degree cone method, the CCD method, and 
a theoretical CCD method.  Each predictive method was evaluated for static and 
dynamic loading in cracked and uncracked concrete by comparing to observed capacities 
concrete and by Monte Carlo analyses.  The CCD and theoretical CCD methods had a 
lower probability for failure under known loads than the 45-degree method, particularly 
for deeper embedments.  The CCD method generally exhibited a lower probability of 
brittle failure independent of load than the 45-degree and theoretical CCD methods.  The 
theoretical CCD method gave some results that were more accurate than the two 
traditional methods, but there are not enough reasons to use over this method over the 
CCD method.  One problem with the theoretical CCD method is that the exponent for 
the effective embedment at deeper embedments produces higher probabilities of failure 
than the CCD method, and the difference is not justified by experimental data. 
Muratli et al. (2004) is the second in the coupled set of journal papers regarding 
breakout capacity of anchors in concrete, this one focusing on shear.  A database of 
existing experimental data on shear connectors was assembled and divided into static or 
dynamic loading and cracked or uncracked specimen.  Calculations were completed for 
the concrete breakout capacity per the 45-degree method, the CCD method, and a 
variation on the CCD method and compared to the assembled database.  The study found 
that the CCD method is more reliable than the 45-degree method and can be used as a 
design tool for both CIP and post-installed connectors.  The study also notes the shear 
breakout capacity of CIP connections is 20% higher under dynamic loading when 
compared to static loading and that the breakout capacities of post-installed connections 
are roughly 10% less than CIP connections. 
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Badie et al. (2006) provides a thorough review of the state-of-the-art of 
accelerated bridge deck construction methods is reviewed in a recently published report 
by the National Cooperative Highway Research Program (NCHRP).  Research and case 
studies are presented in this document and provide a description of several 
methodologies for accelerated construction.  Guidance is also provided to overcome the 
following challenges with full-depth bridge deck construction: adjustment of panel 
grading to meet construction tolerances, methodologies to provide structural 
compatibility between the girders and bridge deck, and performance of different 
cementitious grouts needed for the accelerated bridge deck systems. 
Scholz et al. (2007) provides an introductory review of the performance of steel 
shear connectors and a thorough review of the effects of cementitious grout properties 
within a full-depth precast deck panel connection to a concrete girder in a recent report 
by the Virginia Transportation Research Council (VTRC).  From the results of a series 
of grout properties tests and coupon push-off tests, a recommended grout specification 
for the Virginia Department of Transportation and a shear connection design with a 
fatigue check per AASHTO LRFD are presented.  The effectiveness of several 
roughening techniques are reviewed and the impacts of a full-depth precast panel on a 
project’s cost and timeline are presented.  A method is also presented for calculating a 
coefficient of friction for shear connections by plotting the shear stress versus the 
clamping stress for each test at a point just past peak loading.  Scholz et al. then propose 
that the AASHTO LRFD equation for the nominal shear resistance of the interface plane 
(Equation (1) in this thesis) be uncoupled and rewritten as: 
 ௡ܸ௜ ൌ ݉ܽݔ ฬ
ܿܣ௖௩
ߤሺܣ௦ ௬݂ ൅ ௡ܲሻ
 (7) 
where ܿ is cohesion factor (75 psi), ܣ௖௩ is the concrete shear interface area, ߤ is taken as 
0.9 for grout on concrete interface and 0.6 for grout on steel interface, ܣ௦ is the area of 
shear connector crossing interface, ௬݂ is connector yield stress, and ௡ܲ is additional 
normal force.  While this proposed calculation method for connection shear resistance 
exhibits good correlation with the test data presented, an artificial clamping force 
introduced by the experimental test setup is not present in an actual structural 
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connection.  Thus the shear connection has been successfully isolated for 
experimentation but at the expense of a more holistic model of an actual structural 
connection.   
Kwon et al. (2007) is a study by the Center for Transportation Research 
(University of Texas at Austin) that reviewed 11 different options for post-installing 
shear connectors in existing bridges with a deck system consisting of a non-composite 
cast-in-place slab on steel girder.  After analyzing the results from a series of full-scale 
static, high-cycle, and low-cycle fatigue tests, the study concluded that post-installing 
shear connectors in these non-composite systems can substantially and economically 
increase the strength and stiffness of the bridge, increasing the load capacity on the order 
of 40-50%.  The most promising anchors from the testing were double-nut bolts, 
adhesive anchors, and high-tension friction bolts.  The study recommends computing the 
static strength of post-installed anchors as:  
 ܳ௨ ൌ 0.5 ௨݂ܣ௦ (8) 
where Qu is the ultimate shear strength, fu is the ultimate strength of the post-installed 
anchor, and As is the cross-sectional area of the post-installed anchor. 
 Xue et al. (2008) presents the results of 30 pushout tests of steel-concrete 
composite beams with headed stud connections in an effort to examine the effects of 
stud diameter and height, concrete strength, stud welding technique, transverse 
reinforcement on shear failure load.  The following conditional equation was developed 
to improve calculations and compared to the various current equations (including 
Equation (6) from the AASHTO LRFD Bridge Specification and AISC-13): 
௨ܲ ൌ 3ߣܣ௦ ௨݂ ൬
ܧ௖
ܧ௦
൰
଴.ସ
൬ ௖݂௨
௨݂
൰
଴.ଶ
 
 (9) 
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where ௨ܲ is the maximum shear load, ܣ௦ is the cross-sectional area of the stud,  ௨݂ is the 
ultimate tensile strength of the stud, ܧ௖ is the modulus of elasticity of the concrete, ܧ௦ is 
the modulus of elasticity of the stud, ௖݂௨ is the compressive strength of concrete cubes, 
௨݂ is the ultimate tensile strength of the stud, ܪ is the stud height, and ݀ is the stud 
diameter.   While the study’s results show an impressive correlation with experimental 
results, the ߣ factor does not take into account stud connectors with an H/d that is 
significantly more than 7.0, as is the case in the experiments conducted for this thesis.  
Clearly there is an implied limit that should be specified to avoid inadvertent application 
of the equation to a connection that it does not accurately model. 
  A number of published works are concerned with the low- and high-cycle 
fatigue resistance of shear connections, primarily with steel-concrete composite beams.  
Though these do not directly pertain to the scope of this thesis, they were reviewed in 
order to explore the potential for future application and research.  Works reviewed in this 
area include Slutter and Fisher (1966), Oehlers (1990), Oehlers (1995), Gattesco et al. 
(1997) , and Oehlers et al. (2000).  
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CHAPTER III 
EXPERIMENTAL INVESTIGATION 
 
3.1  Scope 
 This chapter details experimental tests performed, including the shear 
connections tested, experimental test setup, specimen reinforcing details, construction 
and testing procedures, and specimen material properties. 
 
3.2  Experimental plan 
A total of 24 tests, were conducted in two parts to compare the performance of 
various connection types, number of connectors, type of grout, haunch height, and 
surface roughness.  Tests #1-13 were conducted first, and tests #14-24 were prompted 
based on the system performance from the first set of tests.  This ultimately yielded 16 
pre-installed (precast) and 8 post-installed specimens. 
Of the 16 pre-installed (precast) shear connection specimens tested, 12 were 
tested  for validation of the TxDOT design—two tests for each of the two threaded rod 
connection options and the CIP control, each having haunch heights of 51 mm (2.0 in.) 
and 89 mm (3.5 in.).   In order to provide supplementary information, three additional 
specimens were tested with a bolt with a coupler connection and a single additional 
specimen was tested with two R-bars grouted in a precast pocket.  
The eight specimens assembled with post-installed shear connectors were tested 
in order to investigate the effects of several variables: types of post-installation 
connections, surface roughness of the mating concrete faces in the connection, grouping 
effects, and alternative grouts.  Having post-installed shear connectors that have a 
comparable performance to pre-installed shear connectors provide on-site construction 
options for misaligned pockets and connectors, or for deliberate design to reduce the 
complexity of precast components.  In order to maximize the variety of aspects 
investigated with these tests, no two specimens were identical, thus providing a broad 
exploratory look at a myriad of options that are available to designers.  
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3.3  Testing matrix 
A testing matrix was developed to account for the 24 shear specimens tested.  
The nomenclature for the test specimens was based on the number of connectors within 
a specimen, connector type, whether the specimen was cast with a 51-mm (2.0-in.) or  
89-mm (3.5-in.) haunch, and test number reference.  For brevity in discussion and 
figures, an alias system was developed to provide all pertinent information on the 
specimen’s components and assembly in a shortened form.  Fig. 2 presents a key to show 
the designation of that specimen alias.  Table 1 shows the testing matrix for all 24 shear 
specimens tested. 
 
3.4  Design of experiment 
The experiment was designed first and foremost with a concerted effort to 
produce an experimental test setup that represents the full-scale structure in a holistic 
manner.  The design of the shear test specimens was developed in conjunction with the 
design and casting of the full-scale testing components for a companion portion of the 
Texas Transportation Institute (TTI)-TxDOT research project to maximize efficiency 
and minimize experimental differences.  To accommodate the two 2.4-m (8-ft.) full-
depth precast panels, 4.9-m (16-ft.) girders were cast for use in the full-scale test; the 
same 4.9-m (16-ft.) design was made into 1.2 m (4-ft.) quarter-beams for the purposes of 
the shear testing.  Full-depth deck specimens for the shear tests were cast with a 
thickness of 203 mm (8 in.) and 178- x 254-mm (7- x 10-in.) pockets to match the design 
of the full-depth precast panels.  The shear test panels were cast nominally 0.6-m (2-ft.) 
square to allow for two specimens to be tested on each 1.2-m (4-ft.) beam. 
For the experimental test setup, a 2670-kN (600-k) actuator was used to push off 
from a reaction column that was prestressed to the laboratory strong floor to produce the 
shear force.  The applied force was transferred to the deck portion of the specimen via 
two W14x109 spreader beams connected by four high-strength tie-rods.  To minimize 
sliding and uplift, each shear test beam was anchored down to the strong floor of the
17 
 
 
 
 
 
 
 
 
Fig. 2—Specimen alias designation key. 
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Table 1—Matrix of shear test specimens 
Test 
# 
Haunch 
height, 
mm (in.) 
Shear test 
beam detail 
No. of 
con-
nectors 
Connector 
nominal 
diameter, 
mm (in.) 
Type 
f'c  
for grout/ 
concrete in 
haunch, MPa 
(psi)  
Specimen alias 
1 51 (2.0) CIP 4 13 (0.5) R 62.68 (9091) 4_CIP_2.0_A 
2 51 (2.0) CIP 4 13 (0.5) R 62.68 (9091) 4_CIP_2.0_B 
3 51 (2.0) TRC 2 25 (1.0) TR 48.42 (7023) 2_TRC_2.0_A 
4 51 (2.0) BC 2 25 (1.0) TR 41.78 (6059) 2_TRC_2.0_B 
5 51 (2.0) TR 2 25 (1.0) TR 41.78 (6059) 2_TR_2.0_A 
6 51 (2.0) TR 2 25 (1.0) TR 41.78 (6059) 2_TR_2.0_B 
7 89 (3.5) TRC 2 25 (1.0) TR 42.28 (6132) 2_TRC_3.5_A 
8 89 (3.5) TRC 2 25 (1.0) TR 42.28 (6132) 2_TRC_3.5_B 
9 51 (2.0) R 4 13 (0.5) R 50.86 (7377) 4_R_2.0 
10 89 (3.5) TR 2 25 (1.0) TR 42.75 (6200) 2_TR_3.5_A 
11 89 (3.5) TR 2 25 (1.0) TR 42.75 (6200) 2_TR_3.5_B 
12 89 (3.5) CIP 4 13 (0.5) R 39.34 (5706) 4_CIP_3.5_A 
13 89 (3.5) CIP 4 13 (0.5) R 39.34 (5706) 4_CIP_3.5_B 
14 51 (2.0) BC 1 25 (1.0) BC 45.48 (6594) 1_BC_2.0_A 
15 51 (2.0) BC 1 25 (1.0) BC 44.94 (6517) 1_BC_2.0_B 
16 51 (2.0) BC 2 25 (1.0) BC 44.94 (6517) 2_BC_2.0 
17 51 (2.0) Steel Plate 2 22 (0.875) NS 44.94 (6517) 2_NS_2.0 
18 51 (2.0) Steel Plate 3 22 (0.875) NS 44.94 (6517) 3_NS_2.0 
19 51 (2.0) Post-Installed 1 25 (1.0) TRS 40.23 (5833) 1_TRS_2.0_Rough 
20 51 (2.0) Post-Installed 2 25 (1.0) TRS 40.23 (5833) 2_TRS_2.0_Rough 
21 51 (2.0) Post-Installed 1 25 (1.0) KB 40.23 (5833) 1_KB_2.0 
22 51 (2.0) Post-Installed 1 25 (1.0) TRE 40.23 (5833) 1_TRE_2.0 
23 51 (2.0) Post-Installed 1 25 (1.0) TRS 42.17 (6114) 1_TRS/AG_2.0_Rough 
24 51 (2.0) Post-Installed 1 25 (1.0) TRS 40.23 (5833) 1_TRS_2.0 
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laboratory with high-strength prestressing threadbar.  A wood reaction block between 
the shear test beam and the column provided additional lateral reaction to inhibit 
specimen sliding.  Thus the entire experimental test setup was completed without 
introducing an artificial clamping force across the shear interface.  Photographs and a 
drawing of the experimental test setup are shown in Fig. 3. 
Fig. 4 shows a strut-and-tie model of the flow of the internal and external forces 
in the specimen during testing.  The prestressed anchoring force, ܲ, was constant for all 
tests.  Thus when the shear force, ܨ, was applied at a constant height above the 
laboratory floor, ݕ, the resultant of the prestressing force developed an eccentricity, ݁.  
By solving for equilibrium of moments about point ܱ, the relationship between the 
quantities is found as 
 ܨݕ ൌ ܲ݁ (10) 
During testing the windward side of the beam had a tendency to lift up, so the 
distribution of the reaction force from the floor is the triangle shown in Fig. 4 with a 
maximum floor stress of ߪ that can be calculated as 
 ߪ ൌ ଷ௉
మ
௔ሺ௕௉ିଶி௬ሻ
 (11) 
where ܽ is the width of the shear test beam.  Thus for the expected peak loading of shear 
specimens, where ܨ=355 kN, ݕ=500 mm, ܲ=530 kN, ܽ=300 mm, and ܾ=1110 mm, ߪ is 
found to be 12 MPa, a reasonable value to maintain the integrity of the experimental test 
setup and avoid any damage of the laboratory floor. 
 
3.5  Fabrication of specimens 
3.5.1  Shear test beam reinforcing details 
During the construction process of a prototype bridge, girder curvature and deck 
grading are expected to vary the haunch depth some 40 mm to 100 mm.  Therefore, the 
pre-installed connector shear tests investigated the connection strength using both 51-
mm (2.0-in.) and 89-mm (3.5-in.) haunch specimens while the post- installed connector 
shear tests investigated the connection strength with only a 51-mm (2.0-in.) haunch but 
with several parametric combinations per the experimental plan.  
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Fig. 3—Experimental test setup. (a) photograph from laboratory floor; (b) side 
elevation.  
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Fig. 4—Strut-and-tie model of the shear test setup. 
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The shear test beams for the 89-mm (3.5-in.) haunch specimens were cast 38 mm 
(1.5-in.) shorter those for the 51-mm (2.0-in.) haunch specimens so that the assembled 
specimens all placed the shear test deck at the same height, permitting use of the same 
test setup without modifying the height of the line of action.  The same reinforcement 
was used in the shear test beams for both of the pre-installed (precast) options for each 
of the haunch heights as shown in Fig. 5.  Detailing of each of the components and 
specimen types is explained in greater detail below.    
3.5.2  Shear test specimen connection details 
Four shear specimens were assembled using a CIP connection matching that of 
the current-practice R-bars with a second stage concrete pour.  These specimens were 
used to verify the test setup and to serve as the control for the experiment.  As required 
by TxDOT’s standard bridge drawings, an extension of the shear stirrups was added for 
the CIP specimens when the haunch height was greater than or equal to 76 mm (3.0 in.).  
Fig. 6 shows the details of the pre-installed (precast) shear connections of the CIP 
specimens for the 51-mm (2.0-in.) and 89-mm (3.5 in.) haunches.   
In order to provide a shear connection on the exterior beams through the full-
depth precast overhang panels, the TxDOT design of the prototype bridge specified two 
pre-installed (precast) shear connection options, both using 25-mm (1-in.) diameter high-
strength threaded rod (ASTM A193 B7) and high-strength nuts (2H).  Option 1 (TRC) 
utilized a coupler that is precast flush with the top of the girder with a bottom anchoring 
rod extending into the girder, a second top rod that is inserted during the construction 
process, and a nut installed at the end of each rod for improved anchorage.  Option 2 
(TR) used a continuous rod through the top of the girder with a nut at the top and another 
at the bottom for improved anchorage.  This option simplifies the casting process but 
reduces the flexibility of the construction process.  Fig. 7 shows the details (beam cross-
sectional view) of the TRC and TR shear connections for the 51-mm (2.0-in.) and 89-
mm (3.5-in.) haunches. 
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Fig. 5—Reinforcing details for shear test beams.  Clockwise from top-left: cross-
section of 51-mm (2.0-in.) haunch CIP, cross-section of 51-mm (2.0-in.) haunch 
precast, cross-section of 89-mm (3.5-in.) haunch precast, 3-D view of 51-mm (2.0-in) 
haunch precast, 3-D view of 51-mm (2.0-in) haunch CIP, and cross-section of 89-
mm (3.5-in.) haunch CIP.  
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(a)  51-mm (2.0-in.) haunch 
 
 
 
 
(b) 89-mm (3.5 in.) haunch 
  
Fig. 6—CIP details of beam-to-slab shear connections. 
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 Option 1 (TRC)  Option 2 (TR)   
 
(a) Pre-installed (precast) shear connectors for 51-mm (2.0-in.) haunch 
 
 
  Option 1 (TRC) Option 2 (TR)  
 
 
         
(b) Pre-installed (precast) shear connectors for 89-mm (3.5 in.) haunch 
 
 
Fig. 7—Beam cross-sectional views and photographs of the TRC and TR shear 
connections tested. 
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As an alternative pre-installed connector, 25-mm (1-in.) diameter high strength 
bolt (SAE Grade 8) in a coupler was also tested for future consideration based on its 
performance.  A photograph of a BC specimen is shown in Fig. 8. 
For the eight specimens with post-installed shear connectors, the haunch height 
was kept constant at 51 mm (2.0 in.), but the post-installed shear connections were made 
in a variety of ways as shown in Fig. 9.  The Nelson stud (NS) specimens were 
constructed using studs welded to the top and bottom of 12-mm (0.5-in.) thick steel 
plates that were cast in the shear test beam.  Four of the post-installed connectors were 
TRS, assembled by coring a 51-mm (2-in.) diameter hole 229 mm (9 in.) deep in the 
shear test beam, filling the hole with a proprietary grout (SikaGrout® 212) with a 
water/powder (w/p) ratio of 0.16 and inserting a TR.  The remaining two post-installed 
specimens utilized HILTI connection systems: the Kwik-Bolt 3 mechanical anchor (KB) 
and a B7 TR installed in HY150-Max epoxy (TRE), both installed as per the 
manufacturer’s instructions. 
3.5.3  Shear test deck component 
Identical precast shear deck components with pockets were used in all 20 of the 
non-CIP specimens.  For the pre-installed (precast) shear test deck components, #D12 
(#4) longitudinal deformed reinforcing bars are expected to be added on the outside of 
the threaded rod, similar to an existing detail for casting additional concrete atop precast 
girders in TxDOT standard bridge drawings.  The reinforcing details of these 
components shown in Fig. 10 match those of the full-scale precast overhang panels, 
utilizing #D12 (#4) bars in place of the 10 mm (#3) prestressing strands as prescribed.   
The deck reinforcing details of the four CIP specimens are similar to the precast 
shear deck specimens described above, but there were two key differences because the 
CIP specimens model the shear connection of the interior girders.  First, all of the bars 
are evenly spaced because there were no pockets to accommodate.  Second, the bottom 
transverse steel is not continuous, simulating the edges of the two partial-depth precast 
panels resting on the girder.  Fig. 11 is a photograph of the deck reinforcing of a typical 
CIP specimen. 
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Fig. 8—Photograph of BC pre-installed shear connection specimen. 
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 (a) NS connectors (b) single TRS connector 
 
    
 (c) single KB connector (d) single TRE connector 
 
Fig. 9—Photographs of post-installed shear connections specimens.  
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Fig. 10—Typical reinforcement layout of  precast shear deck specimens. 
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Fig. 11—Photograph of typical reinforcing layout of a CIP shear test deck 
specimen. 
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3.6  Construction process and testing procedure 
The construction and testing procedure followed for the testing of all shear test 
specimens is outlined as follows: 
1. Cast shear test beams and decks. 
2. Grout/cast completed test specimens (two per shear test beam). 
3. Assemble shear test frame. 
4. Insert a fully constructed test specimen into the shear test frame. 
5. Load test frame to 45 kN (10 kips) to close any gaps. 
6. Post-tension the tie-down high-strength prestressing threadbar.  This is located at 
the center of each shear test beam.  Apply a force of 530 kN using a center-hole 
jack system, and then remove the test frame load from step 5. 
7. Load test frame continuously at approximately 0.67kN/s until specimen failure or 
the clearance limit is reached at approximately 32-mm deformation. 
8. Unload test frame and shear test beam center anchor. 
9. Turn shear test beam 180° for second specimen and repeat 5-8. 
10. Repeat 4-9 for testing remaining shear specimens. 
All non-CIP shear test specimens were assembled in the same manner.  A 51-mm 
(2.0-in.) wide strip of stiff foam (Dow 40) was bonded to the shear test beam using a 
plastic adhesive (3M Scotch-Grip 4693).  Another coating of the adhesive was applied to 
the top of the foam, and the shear test deck was placed on top.  After 20 to 30 minutes of 
curing, the haunch grout was mixed and poured into the haunches through the pockets up 
to a level of approximately 25 mm above the bottom of the shear test deck to ensure the 
haunch was completely filled.  After the haunch grout had reached initial set 
(approximately five hours), the pocket grout/concrete was added and the specimen’s 
surface was finished to as smooth a surface as possible. 
The CIP shear test specimens were cast using formwork constructed around a 
precast beam.  The same 51-mm (2.0-in.) wide strips of stiff foam used in the non-CIP 
specimens were used in the CIP specimens to create a 51-mm (2.0-in.) or 89-mm (3.5-
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in.) haunch.  The concrete for the CIP decks was then placed, vibrated, and finished in 
the same manner as the precast deck specimens. 
The key measurement acquired from the shear tests was the displacement of the 
shear test deck specimen relative to the shear test beam.  This was accomplished with a 
linear variable differential transducer (LVDT) mounted on each longitudinal face of the 
shear test beam pushing against a reaction angle mounted to the bottom of the shear test 
deck specimen and aligned with its transverse centerline.  By utilizing an LVDT on each 
side, the amount of skew that the shear test deck specimen experienced during loading 
could be assessed and properly accounted for.  Two string potentiometers were attached 
to the vertical face of the shear test beam and to the soffit of the deck panel.  These 
potentiometers indicate the degree of uplift and rotation of the deck panel unit with 
respect to the support beam.  A photograph of the instrumentation on the specimen is 
shown in Fig. 12. A 9000-kN capacity load cell was attached in series to the actuator to 
provide accurate measure of the actual load applied to the shear test frame and shear test 
specimen.  Half-bridge strain gauges were attached to one of the threaded rods or stirrup 
legs to provide information on the strain and tension the shear connector experienced 
during the test. 
 
3.7  Materials 
Concrete was provided by Transit Mix (Bryan, Texas) to match the specifications 
of TxDOT Type “S” mix, including a 100-mm slump and specified 28-day strength of 
28 MPa (4000 psi).  Standard grade 60 rebar was used throughout reinforced concrete 
components, with 10-mm (#3), 12-mm (#4), and 16-mm (#5) bars used as shown in the 
reinforcing details.   
A proprietary grout (SikaGrout® 212) was used for the assembly of the majority 
of the shear test specimen components, utilizing two different mixes.  A 0.19 w/p mix 
was used for filling the haunch for its maximum strength while providing minimum flow 
characteristics to fill the haunch.  To fill the pockets of the shear test specimens, a 0.16 
w/p was initially used, but issues with subsidence cracking and the relative expense of 
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Fig. 12—Exterior specimen instrumentation. 
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the grout led to later specimens’ pockets being filled with deck concrete from another 
pour. An alternative grout developed by others in a companion project was used in both 
the haunch and pocket of one of the research specimens to provide a structural test of the 
design aspects of the grout.   
Regardless of the material, the concrete/grout compressive strength achieved for 
each component of the shear test specimen (haunch, deck, deck pocket, and beam) was 
determined on the day of testing.  A summary of these strengths is presented in Table 2.  
Further information regarding the concrete and grout mixes used can be found in 
Appendix B, Additional Material Testing Information.   
Although each type of shear connector is manufactured with specified minimum 
yield and ultimate strengths, coupon tensile tests were conducted for each of the 
connector types to establish the actual yield and ultimate strengths of each of the 
materials (summarized in Table 3).  These values and the stress-strain profiles in Fig. 13 
obtained from the tensile tests allow for more accurate analysis and comparison of the 
behavior of the various connectors during the shear tests.  
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Table 2—Specimen component compressive strengths 
Test 
# Specimen alias 
Haunch Shear test deck Shear test beam 
f'c, MPa f'c - deck, MPa f'c - pocket, MPa f'c, MPa 
1 4_CIP_2.0_A 62.7 62.7 62.7 50.6 
2 4_CIP_2.0_B 62.7 62.7 62.7 50.6 
3 2_TRC_2.0_A 48.4 62.7 57.3 40.9 
4 2_TRC_2.0_B 41.8 55.0 36.9 43.0 
5 2_TR_2.0_A 41.8 55.0 36.9 42.3 
6 2_TR_2.0_B 41.8 55.0 36.9 42.3 
7 2_TRC_3.5_A 42.3 55.0 36.9 42.3 
8 2_TRC_3.5_B 42.3 55.0 36.9 42.3 
9 4_R_2.0 50.9 62.7 57.3 43.0 
10 2_TR_3.5_A 42.7 55.0 36.9 42.3 
11 2_TR_3.5_B 42.7 55.0 36.9 42.3 
12 4_CIP_3.5_A 39.3 39.3 39.3 42.3 
13 4_CIP_3.5_B 39.3 39.3 39.3 42.3 
14 1_BC_2.0_A 45.5 44.0 45.0 43.0 
15 1_BC_2.0_B 44.9 62.7 57.3 43.0 
16 2_BC_2.0 44.9 62.7 57.3 43.0 
17 2_NS_2.0 44.9 62.7 57.3 43.0 
18 3_NS_2.0 44.9 62.7 57.3 43.0 
19 1_TRS_2.0_Rough 40.2 46.2 54.6 50.6 
20 2_TRS_2.0_Rough 40.2 46.2 55.0 50.6 
21 1_KB_2.0 40.2 65.4 55.0 50.6 
22 1_TRE_2.0 40.2 65.4 55.0 50.6 
23 1_TRS/AG_2.0_Rough 42.2 46.2 42.2 50.6 
24 1_TRS_2.0 40.2 46.2 55.3 50.6 
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Table 3—Shear connector strengths 
Connector Type 
Specified tensile strength Actual tensile strength 
Yield, MPa Ultimate, MPa Yield, MPa Ultimate, MPa 
CIP 414 621 434 689 
TR 724 862 826* 945* 
BC 896 1034 982 1181 
KB3 586 731 689 850 
NS 352 448 362 541 
* - average of four tests from different batches used 
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Fig. 13—Stress-strain behavior of the tested shear connectors. 
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CHAPTER IV 
EXPERIMENTAL RESULTS 
 
4.1  Introduction 
This chapter presents the experimental data from the 24 shear tests performed, 
including a schematic that shows typical behavior and a table of key values.  Also 
included is an explanation of the different failure mechanisms observed in the tests and 
representative photographs of specimens exhibiting each type of failure. 
 
4.2  Raw experimental data 
The experimental data from the interface shear (push-off) tests are intended to 
reveal the efficacy of the deck-haunch-beam system working as a composite system.  
The force-displacement behavior due to increasing lateral load on the system during 
experimentation was obtained for each of the connections and complied in Fig. 14 and 
Fig. 15.  The ductility of the connection is also revealed in these plots.  Fig. 16 shows an 
interpretive schematic to classify the performance of the connector based on its ductility.  
Connectors experiencing ultimate displacements less than 5 mm can be considered 
brittle with unsatisfactory ductility.  Ultimate displacements in the range of 5 mm to 12 
mm can be considered having satisfactory ductility, and connectors with displacements 
greater than 12 mm (0.5 in.) can be considered as ductile with superior ductility. 
From the force-displacement plot of each specimen, the initial breakaway shear 
strength, post-breakaway resistance in terms of the implied coefficient of friction, and 
estimated displacement limits are determined.  Two opposing strain gauges were 
attached to one connector within each test specimen to verify the tensile force in the 
connector.  The data captured by the string potentiometers and LVDTs provided the 
numerical values for the relative displacements both horizontally and vertically, and 
enabled computations for the axial connector tension and implied coefficient of friction.  
Key points from the raw experimental data for all specimens corresponding to the 
labeled points in Fig. 16 are shown in Table 4. 
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Fig. 14—Force-displacement plots for specimens #1-13. 
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Fig. 15—Force-displacement plots for specimens #14-24. 
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Fig. 16—Typical plot of lateral force versus relative displacement for shear 
specimens with critical parameters noted. 
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Table 4—Raw experimental data from all shear tests 
Test 
# Specimen alias 
Initial peak 
displacement, 
mm 
(a) 
Initial peak 
force, kN 
(a) 
Force @  
5 mm, kN 
(b) 
Peak load past 
initial, kN 
(c) 
Ultimate 
displacement, mm 
(d) 
1 4_CIP_2.0_A 0.203 342 227 285 18 
2 4_CIP_2.0_B 0.203 338 258 258 30 
3 2_TRC_2.0_A 1.676 342 311 360 40 
4 2_TRC_2.0_B 1.473 378 374 414 19 
5 2_TR_2.0_A 3.302 262 258 311 26 
6 2_TR_2.0_B 1.422 262 200 231 18 
7 2_TRC_3.5_A 4.166 338 285 338 10 
8 2_TRC_3.5_B 5.105 356 351 356 9 
9 4_R_2.0 0.864 289 271 298 26 
10 2_TR_3.5_A 1.219 307 NA 298 2 
11 2_TR_3.5_B 1.702 307 NA 307 3 
12 4_CIP_3.5_A 1.397 191 173 271 35 
13 4_CIP_3.5_B 0.356 200 254 258 30 
14 1_BC_2.0_A 0.305 200 276 280 19 
15 1_BC_2.0_B 0.406 182 156 294 36 
16 2_BC_2.0 0.330 271 347 351 21 
17 2_NS_2.0 0.635 294 227 294 26 
18 3_NS_2.0 0.787 360 320 374 29 
19 1_TRS_2.0_Rough 0.940 280 222 285 32 
20 2_TRS_2.0_Rough 0.356 338 200 249 13 
21 1_KB_2.0 2.108 93 98 120 32 
22 1_TRE_2.0 0.787 147 165 182 25 
23 1_TRS/AG_2.0_Rough 0.279 267 156 280 25 
24 1_TRS_2.0 0.660 138 160 173 30 
Note:  NA = not achieved 
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4.3  Failure mechanisms 
From shear testing, three classic failure mechanisms were observed: sliding 
shear, beam failure, and cone pullout.  The first and most common was sliding shear.  
Typically, the rear third of the haunch separated and the yielding shear connector(s) 
clamped the deck down to the beam through the front two-thirds of the haunch, sliding 
with significant ductility.  Fig. 17 contains photographs of several of the specimens that 
exhibited this sliding shear failure mechanism.  Several of the sliding shear specimens 
also exhibited complete shearing of the connector(s): the photographs in Fig. 18 and Fig. 
19 show two such specimens. 
The second most common failure mechanism observed was brittle beam failure.  
This mechanism typically occurred suddenly at a low lateral load relative to the yield 
strength of the connectors because of insufficient hoopsets in the beam, as explained in 
Chapter V.  Thus this failure mode gives an artificially low strength and very little 
ductility.  Fig. 20 contains photographs of two of the specimens that exhibited this brittle 
beam failure mechanism.  
The final failure mechanism observed was a cone pullout failure.  This failure 
mechanism is similar to the brittle beam failure mechanism but exhibits significantly 
higher strength and more ductility prior to failure.  Fig. 21 displays several photographs 
from one of the specimens that exhibited a cone pullout failure.  
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 (a) 4_CIP_3.5_A   (b) 1_KB_2.0 
   
 (c) 1_TRS_2.0   (d) 1_BC_2.0_B 
 
Fig. 17—Examples of specimens that exhibited a sliding shear failure mechanism. 
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Fig. 18—2_NS_2.0 exhibited a sliding shear failure that resulted in both studs 
shearing.  
46 
 
 
 
 
 
Fig. 19—Photographs of 2_TRC_2.0_A after failure.  After exhibiting sliding shear 
past 25 mm (1.0 in.) relative displacement, one of the threaded rods sheared at the 
top of the coupler and the beam cover concrete spalled off as the load was 
redistributed to the other connector. 
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(a) 2_TR_3.5_B 
 
 
(b) 2_TRS_2.0_Rough 
Fig. 20—Photographs of shear test specimens that exhibited a brittle beam failure. 
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Fig. 21—Photographs of the cone pullout failure exhibited by 2_BC_2.0. 
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CHAPTER V 
ANALYSIS OF EXPERIMENTAL RESULTS 
 
5.1  Introduction 
This chapter presents an analysis of the experimental results of the 24 shear tests 
performed.  The normalization method by which the data collected from a wide variety 
of specimens is compared is detailed and justified.  The experimental results are then 
analyzed based the connection type, conventional R-bars, pre-installed, and post-
installed.  A series of studies on various parameters is presented to further explain the 
effects of those parameters on the behavior of the shear connection.  Finally, an 
explanation of the premature failure of several specimens is presented and applied to a 
develop a simple, practical solution that is vital to successfully applying the full-depth 
precast panel construction technique. 
 
5. 2  Normalization of data for analysis 
In order to directly compare the behavior of the various shear connections tested, 
it was necessary to develop methods to take into account variations in specimen 
component properties.  The primary value used to normalize the data from the shear tests 
was the yield force of the connector(s).  This normalization assumes that after the initial 
breakaway due to the failure of the grout-concrete bond, the connector steel quickly 
yields because of the geometry of the loading and displacement.  At this point, lateral 
resistance is provided by an effective friction coefficient between the concrete and grout 
and a clamping force equal to the yield force of the connector.  To justify the assumption 
that the connection steel yields at or near this point, the data from each test was analyzed 
to determine the actual tensile load in the connector. 
The data from the two quarter-bridge strain gauges was averaged to produce a 
horizontal displacement-connector strain curve at the location of the gauges up to the 
point of gauge-connector bond failure, generally at a strain of 0.0015-0.0030.  The gauge 
data also exhibits a roughly linear tension region on both gauges prior to the bifurcation 
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that shows due to the bending of the connector, which puts the windward gauge in more 
tension and the leeward gauge in less tension or even compression.  The data from the 
string potentiometers was also used to calculate the uplift at the connector by averaging 
the windward and leeward potentiometers and correcting for lateral displacement and 
skew.  The uplift was then correlated to the strain from the gauges prior to the 
bifurcation point, providing an effective gauge length for using the potentiometer-
derived vertical displacement to calculate the vertical strain in the connector as seen in 
Fig. 22. 
The vertical strain was correlated to a stress-strain results provided by coupon 
tensile tests of each of the connector types (see Appendix B) and multiplied by the 
effective area of the connector(s) to provide the vertical tie-down force.  Then by 
dividing the observed lateral force by the connector tie-down force, a friction coefficient 
can be inferred.  When plotted the outcome tends to converge to the lateral force 
normalized by the connector yield force at approximately 2 mm (0.8 in.) as seen in Fig. 
23.  Because of this satisfactory agreement in the region of interest, plots of the 
normalized lateral force remain the primary means of comparing the results of various 
shear tests throughout the remainder of this chapter.  A complete set of summary plots 
for each shear test specimen, including the strain-uplift correlation and inferred friction 
coefficient calculations, are provided in Appendix A of this thesis.  
A secondary value used for comparison is calculated by dividing the peak lateral 
force by the total connection area and the square root of the compressive strength of the 
haunch material.  This value is the normalized breakaway shear stress and represents the 
performance of the bond between haunch material and the top surface of the beam.  
Normalized breakaway shear stress values for each shear test are found in Table 5.  Also 
presented in Table 5 for each shear test are the observed failure mechanism and the 
normalized lateral force values for the threshold relative displacements that define a 
connection as brittle, satisfactorily ductile, or ductile as discussed in Chapter IV. 
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Fig. 22—Sample graphical correlation of gauged strain to measured specimen 
uplift (from specimen 1_TRS_2.0). 
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Fig. 23—Comparative plot of yield force-normalization and tensile force-
normalization (from specimen 1_TRS_2.0). 
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Table 5—Calculated and observed values from all shear tests 
Test 
# Specimen alias ݒ௨௜, MPa 
௩ೠ೔
ඥ௙ᇱ೎
 , MPa 
௩ೠ೔
ඥ௙ᇱ೎
, psi 
௏
஺ೞ௙೤
   
Observed failure 
mode @ 5 
mm 
@ 12 
mm 
1 4_CIP_2.0_A 3.79 0.48 5.77 1.04 1.2 Sliding shear – R-
bar fracture
2 4_CIP_2.0_B 3.74 0.47 5.69 1.16 0.95 Sliding shear 
3 2_TRC_2.0_A 3.79 0.54 6.56 0.56 0.56 Sliding shear 
4 2_TRC_2.0_B 4.19 0.65 7.80 0.67 0.51 Sliding shear 
5 2_TR_2.0_A 2.91 0.45 5.41 0.46 0.43 Sliding shear – 
cone failure
6 2_TR_2.0_B 2.91 0.45 5.41 0.36 0.51 Sliding shear 
7 2_TRC_3.5_A 3.74 0.58 6.93 0.02 NA Sliding shear 
8 2_TRC_3.5_B 3.94 0.61 7.30 0.63 NA Sliding shear 
9 4_R_2.0 3.20 0.45 5.41 0.49 NA Sliding shear 
10 2_TR_3.5_A 3.40 0.52 6.26 NA NA Brittle shear beam 
failure
11 2_TR_3.5_B 3.40 0.52 6.26 NA NA Brittle shear beam 
failure
12 4_CIP_3.5_A 2.12 0.34 4.07 0.79 0.85 Sliding shear 
13 4_CIP_3.5_B 2.22 0.35 4.26 1.16 0.85 Sliding shear 
14 1_BC_2.0_A 2.22 0.33 3.96 1.00 0.94 Sliding shear 
15 1_BC_2.0_B 2.02 0.30 3.63 0.56 0.71 Sliding shear 
16 2_BC_2.0 3.00 0.45 5.40 0.62 0.63 Cone pullout 
17 2_NS_2.0 3.25 0.48 5.84 0.85 0.83 Sliding shear 
18 3_NS_2.0 3.99 0.60 7.17 0.80 0.74 Sliding shear 
19 1_TRS_2.0_Rough 3.10 0.49 5.89 0.81 0.61 Sliding shear 
20 2_TRS_2.0_Rough 3.74 0.59 7.11 0.36 0.14 Brittle shear beam 
failure
21 1_KB_2.0 1.03 0.16 1.96 0.49 0.45 Sliding shear 
22 1_TRE_2.0 1.63 0.26 3.09 0.60 0.60 Sliding shear 
23 1_TRS/AG_2.0_Rough 2.96 0.46 5.48 0.56 0.66 Brittle shear beam 
failure
24 1_TRS_2.0 1.53 0.24 2.90 0.58 0.55 Sliding shear 
NA = not achieved 
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5.3  Analysis by connection type 
 The first analysis of the normalized experimental results is to compare the 
performance of the three basic types of connections tested: conventional, pre-installed, 
and post-installed.  The conventional system provides a control and basis of comparison 
while also validating the experimental test setup and results.  The pre-installed and post-
installed systems each exhibit pros and cons as outlined below. 
5.3.1  Conventional R-bars (control specimens) 
Fig. 24 shows normalized lateral force-relative displacement plots for the control 
specimens of the experiment: CIP specimens with a 51-mm (2.0-in.) haunch.  The R 
specimen is also included because it serves as a first link between the CIP specimens and 
most of the other specimens tested, as the connection is as close to a CIP connection as 
possible while still utilizing precast panels.  
When the lateral relative displacements exceed 5 mm (0.2 in.), the R-bars have 
generally yielded.   Also, in most cases the lateral force resistance increased when the 
displacements exceeded some 12 mm.  This is attributed to the increase in the R-bar tie-
down force resulting from the strain-hardening of those bars.  Consequently, the lateral 
resistance in this range of relative displacements is indicative of the implied coefficient 
of friction of the cracked concrete-concrete interface that develops between the beam 
and the deck. 
Evidently, a dependable (i.e., conservative) value for the inferred friction 
coefficient, ߤ௖, that can be assured for this class of construction is  
 ߤ௖ ൌ 1.0  (10) 
Therefore, the interface shear  per unit length, ௜ܸ௡, provided by the R-bars is 
given by 
 ௜ܸ௡ ൌ ߤ௖
஺ೞ೓௙೤೓
௦
 (11) 
where ܣ௦௛ is the steel cross-sectional area of the R-bars (hoops) and ௬݂௛ is the yield 
strength of the R-bar steel. 
From the results presented in Fig. 24, it is also evident that for new or alternate 
shear systems a target (dependable) displacement limit should be set at least 12 mm.  For 
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Fig. 24— Normalized lateral force vs. relative displacement for 51-mm (2.0-in.) 
haunch specimens with R-bar connectors. 
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the common class of precast concrete slab-on-concrete-girder bridge, this target 
deformability capability is considered sufficient, given that full composite deck-to-girder 
action is to be expected.   
If alternative interface shear anchorage systems are to be introduced with 
equivalence to the standard R-bar system, then applying Equations (10) and (11), the 
number of shear connectors required to restrain one panel, ݊, is found from Equation 
(12), noting that a displacement capability > 12 mm should also be attained. 
 ݊ ൒ ఓ೎஺ೞ೓௙೤೓
ఓ೑஺ೞ೑௙೤೑
ቀ
௟೛
௦
ቁ         (12) 
where ߤ௙ is the effective coefficient of friction for a fastener system, ܣ௦௙ is the steel 
cross-sectional area of the fastener(s), ௬݂௙ is the yield strength of the fastener steel, ݈௣ is 
the precast panel length, and ݏ is the pocket spacing. 
5.3.2  Pre-installed (precast) shear connector performance 
Several specimens with pre-installed (precast) shear connectors were tested in 
order to show the effects of connector type and number of connectors.  Although the 
initial breakaway behavior of the proposed system with threaded rod shear connectors 
was similar to those conventional specimens with R-bars, the post-breakaway behavior 
is somewhat different. Fig. 25 presents the normalized lateral force applied to the 
specimens versus the relative lateral displacement.  As mentioned above, providing the 
fastener has yielded, which appears to be the case when the displacements exceed 5 mm, 
the horizontal lines on the graphs are indicative of the effective sliding friction 
coefficient. Continuous threaded rods exhibited the least amount of ductility for 
satisfactory performance given a 89-mm (3.5-in.) haunch due to large forces that were 
transmitted that the shear test beam could not handle, resulting in a brittle shear failure 
of the beam.  However, the continuous threaded rod within the 51-mm (2.0-in.) haunch 
exhibited reasonable ductility. 
In general, there are five stages of behavior that are exhibited: 
1. Initially resistance is provided by the bond of the grout (or concrete in the case of 
conventional construction) between the precast deck panels and concrete beam.  
This  stiff  system  is sustained  until  the bond  between the  grout and  panels (or 
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Fig. 25—Normalized lateral force vs. relative displacement for 51-mm (2.0-in.) and 
89-mm (3.5-in.) haunch specimens with TR and TRC connectors. 
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shear test beam) suddenly breaks.  Results indicate that the initial breakaway 
force occurs at a displacement of approximately 0.25 to 1.5 mm (0.01 to 0.06 in.) 
at an approximate shear stress on the haunch of 0.5√f’c in MPa (6√f’c in psi). 
2. Following breakaway, there is often a sudden drop off in resistance until the 
shear connectors (or R-bars in the case of the conventional construction) engage 
in tension and direct shear.  This may not occur until the displacement has 
reached 2.5 to 4 mm. 
3. As the lateral displacement increases, the deck panel uplifts in the vicinity of the 
fasteners, which in turn, elongate and provide a tie-down restraint force.  This 
force is in turn resisted by a normal concrete beam-to-grout-to-panel 
compression nearby.  The horizontal component of this compression force is a 
frictional force that resists the applied lateral load.  Thus, a frictional sliding deck 
panel-to-beam mechanism results.  This tends to stabilize from displacements 
ranging from 5 to 15 mm (0.2 to 0.6 in.).  This stable force appears to result from 
yielded connectors. 
4. As the displacements become large, the resistance increases slightly, which is 
attributed to strain-hardening of the connectors. 
5. Failure of a well-performing system tends to take place when the displacements 
exceed approximately 18 mm (0.7 in.).  Failure may result grout crushing, beam 
anchorage/shear failure, R-bar pull-out from deck panel (cone failure), and/or 
shear failure of the connector. 
For the 89-mm (3.5-in) haunch specimens, testing ended prematurely because a 
brittle beam failure generally occurred.  However, this revealed an important design 
consideration – adequate shear resistance for the concentrated shear loads must be 
provided in the beam using hoopsets.  This consideration is discussed in greater detail 
later in Section 5.5.  When compared to the TR system, the TRC system reveals higher 
initial breakaway strengths, post-breakaway resistance in terms of the implied friction 
coefficient, and ultimate displacement limits.  At 5.1-mm (0.2-in.) displacement, the 
strength of the TRC systems is 311 and 374 kN versus 258 and 200 kN for the TR 
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system.  As such, the TRC system seems to exhibit increased capacity versus the TR 
system, so the TRC system will be used as a baseline for comparison with the post-
installed specimens and parametric studies.  Clearly the response of the pre-installed 
(precast) shear connections is uniformly inferior to the R-bar specimens, though not 
necessarily because of the connectors themselves.  Rather, there are other aspects of the 
connection that differ from the control that significantly affect the performance, notably 
different frictional sliding performance as a result of different infill grout material in 
between two smooth concrete surfaces, and different displacement limits due to the high 
concentration of forces anchored in the beams. 
Tests #14-24 were conducted as parametric studies to address some of these 
issues and better understand their effects.  Specifically, Section 5.4.2 addresses the very 
same issue identified in AASHTO LRFD C5.8.4.1, Interface Shear Transfer – Shear 
Friction, where roughness can be taken to affect the friction across a shear plane. 
5.3.3  Post-installed shear connector performance 
Eight specimens were assembled using several types of post-installed 
connections.  Such a system would most likely be used in a situation where the pockets 
and cast shear connectors do not align at the construction site, but the system could also 
be used on a larger scale to simplify the casting procedures.  Below is a summary of the 
four types of post-installed connections tested in a total of eight tests: 
1. B7 TRs installed in 0.16 w/p grout (Sika) (TRS) – This post-installed connection 
was made by coring a 51-mm (2-in) diameter hole in the beam to a depth of 230 
mm, cleaning the hole, filling it 2/3 full with the grout and inserting a TR with a 
nut.  This system was used in four specimens (three singles and one double). 
2. HILTI Kwik-Bolt 3 (KB) – The KB is a proprietary mechanical fastener that uses 
an expanding collar to set the anchor in a nominally same-sized drilled/cored 
hole using friction.  A single 25-mm (1.0-in.) diameter KB was used as the shear 
connector in one of the remaining specimens. 
3. B7 TR anchored in HILTI HY-150 Max epoxy (TRE) – HY-150 Max is a 
proprietary two-part epoxy made by HILTI that has forgiving installation 
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requirements, very fast setting times (30 minutes) and high strength but is costly.  
The connection is made by drilling a hole in the beam slightly larger than the 
outside diameter of the TR, 32 mm vs. 25 mm (1.25 in. vs. 1 in.).  The hole is 
thoroughly cleaned then filled 2/3 full with the epoxy.  The threaded rod is 
inserted with a twisting motion, displacing the epoxy to fill the remainder of the 
hole.  One specimen was tested with a single TRE shear connector.   
4. Nelson studs welded to a steel plate cast into the beam (NS) – This connection is 
made by welding a headed stud to a large steel plate that is cast into the beam, 
thereby providing significant tolerances to the construction process.  Because the 
beam has to be modified, this connection is a somewhat hybrid (both pre- and 
post-installed) connection, but in this analysis it is considered a post-installed 
connection – motivated because of the potential to use the NS system to make the 
construction process easier.  
Normalized lateral force is plotted vs. relative displacement in Fig. 26 for a 
representative sample of the post-installed specimens.  The four post-installed specimens 
not shown in Fig. 26 tested the variation in performance due to the variety of parameters 
that are discussed in Section 5.4. 
In comparing to the pre-installed (precast) shear connection specimens, each the 
post-installed shear connection specimens exhibited the same five general stages of 
behavior.  As seen in the normalized plots in Fig. 26, both the TRS and TRE systems 
performed comparably to the baseline pre-installed (TRC) system in terms of both 
strength and ductility, while the NS system appears to provide appreciably higher 
strength than the baseline without sacrificing the above-satisfactory ductility.  The KB 
also system provides superior ductility, but the strength is noticeably less than the 
baseline.   
Aside from performance, there are constructability concerns with several of the 
connector types.  There are doubts about the practicality of using the KB and TRE 
systems on a large scale due to their proprietary systems and associated costs.  The 
feasibility of a truly post-installed NS system has not been established, as both the top
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Fig. 26—Plot of normalized lateral force vs. relative displacement for each type of 
post-installed specimen.  The 2_TRC_2.0_A plot is shown as a baseline for 
comparison. 
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and bottom studs were welded to the plates prior to casting in the shear beams for these 
tests.  The primary logistical issue is the sizeable grounding clamp/magnet required for 
such a large amperage weld conflicting with stud welding gun and the studs themselves 
in the relatively small pocket.  Until this issue is resolved, the NS system is not 
considered to be viable for construction with precast girders, although it may have 
potential for application within a steel girder bridge. 
 
5.4  Parametric studies 
 The second set of analyses of the experimental test data is series of studies that 
examine the individual effects of key design aspects of the connection.  The key aspects 
examined are haunch height, surface roughness, alternative grout and connectors, and 
grouping effects.  
5.4.1  Haunch height 
Tests conducted with the 51-mm (2.0-in) haunch revealed adequate ductility, 
where the specimens with threaded rods and couplers revealed the largest breakaway 
resistance, peak load, and ultimate displacement, as shown in Fig. 27.  However, the 
results of varying the haunch height are inconclusive at the time of writing this thesis 
because the data from the non-CIP 89-mm (3.5-in) haunch specimens’ testing was 
clouded by poor anchorage performance into the beam, resulting in limited 
displacements to less than 5 mm, as seen in Fig. 28.  Brittle shear failure in the beam 
could not be improved since the beams used were already cast with the same hoopsets.  
Additional testing is necessary to verify the effect of the haunch height on the deck-
haunch-beam system.  However, it is known that a larger overturning moment is 
inherently induced given a taller haunch.   
5.4.2  Surface roughness 
Another aspect tested in several of the research specimens was the roughness of 
the mating surfaces of cast concrete.  NCHRP 12-65 (Badie et al., 2006) prescribes 
intentionally roughening the top surface of the beam using a retardant agent and washing 
or another method to an amplitude of 6 mm (0.25 in.) in order to enhance the bond
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Fig. 27—Plot of normalized lateral force vs. relative displacement for all 51-mm 
(2.0-in) haunch pre-installed (precast) specimens. 
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Fig. 28—Plot of normalized lateral force vs. relative displacement for all 89-mm 
(3.5-in) haunch pre-installed (precast) specimens.  The plot of 2_TRC_2.0_A is also 
shown as a baseline for comparison. 
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capacity.  In other research conducted at Virginia Tech (Scholz et al., 2007), roughness 
tests were performed on several surfaces, and the surfaces selected for a similar shear 
test setup were a raked finish for the beam top and either smooth or exposed aggregate 
finish for the bottom of the deck.  Testing of these specimens with exposed aggregate 
deck bottom revealed little effect of peak shear stress and a negative effect on effective 
coefficient of friction when compared to the smooth deck bottom specimens, a 
phenomenon attributed to air voids due to casting orientation.  
To explore surface roughness in this thesis, the bottom of the shear test deck and 
the top of the shear test beam were roughened mechanically on three post-installed 
specimens.  Had the specimens not already been cast, the surfaces could have been cast 
or finished rough through a variety of methods.  A mid-sized hammer drill on the chisel 
setting provided an appropriate degree of power and control, and the surfaces were 
roughed using both flat and chisel bits to an approximate amplitude of 6 mm.  Fig. 29 
shows photographs of the roughened surfaces that were tested. 
From the normalized plots in Fig. 30, it is readily apparent both of the roughened 
specimens with a single connector (1_TRS_2.0_Rough and 1_TRS/AG_2.0_Rough) had 
a higher initial strength and a higher effective friction coefficient up through some 10 
mm relative displacement when compared to their plain-finished counterpart 
(1_TRS_2.0).  The difference between the two single-connector roughened specimens 
was the use of an alternate grout, a parameter discussed in Section 5.4.3.  After the 
relative displacement exceeded 10 mm, the performance of both of the single-connector 
roughened specimens and the plain-finish specimen are quite similar, which is attributed 
to the continuing fracture of the grout bonds along another plane until the specimen is 
“rolling” on the crushed grout as before.   The only two-connector roughened specimen 
(2_TRS_2.0_Rough) exhibited a rogue failure of the beam due to insufficient beam 
shear reinforcing as explained in Section 5.5, therefore the force-displacement behavior 
does not reflect a properly detailed connection of this type.  Nevertheless, the normalized 
plot of 2_TRS_2.0_Rough is also shown in Fig. 30 for completeness.   
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(a) full-size view of beam surface roughened to 6-mm amplitude 
 
  
(b)TRS connectors in a roughened beam 
 
Fig. 29—Shear connections with roughened surfaces. 
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Fig. 30—Plot of normalized lateral force vs. relative displacement for all specimens 
with mechanically roughened mating surfaces.  The plot of 2_TRC_2.0_A is also 
included as a baseline for comparison. 
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5.4.3  Performance of an alternative grout 
Another solution to addressing the issue of insufficient friction is to use a 
different grout that still provides sufficient compressive strength and flowability but also 
contains larger aggregate, thereby providing a higher friction coefficient.  This option 
was explored by assembling two identical specimens, one with proprietary grout 
(SikaGrout® 212) and the other with an alternate lab-mixed grout developed by others 
associated with this project (Trejo et al., 2008).  As seen in the normalized plots of the 
comparative specimens in Fig. 30, the behavior of the alternate grout connection is 
similar to the proprietary grout in initial breakaway strength and effective friction 
coefficient, but it does exhibit a more variable displacement, probably due to the 
breaking and biting of the larger aggregate within the haunch.  Thus the performance 
appears to be slightly inferior, but further research is warranted given the potential 
material cost savings of a site-mixed grout over the proprietary ready-bagged mix – 
estimated to be 90%.  
5.4.4  Alternative connectors  
While connector options 1 and 2 were prescribed by TxDOT for the prototype 
bridge as described in Chapter III, the experimental testing also included evaluating the 
performance of the BC and NS systems, both which can serve as alternative shear 
connectors provided their characteristics and behavior are properly understood and the 
appropriate situation arises for application.  This section focuses on these BC and NS 
alternative connectors in more depth with a side-by-side comparison.   
Revisiting the calculated test data in Table 5, the modulus of rupture of the 
alternative connectors varies from 0.30 to 0.60√f’c (3.6 to 7.2√f’c, psi units), comparable 
to the pre-installed (precast) shear tests.  However without sufficient testing redundancy, 
it is difficult to establish a lower bound for strength calculations for design or assessment 
calculations. 
Examining the normalized plots of the test data for the alternative connectors in 
Fig. 31, it is notable that all specimens exhibited similar above-satisfactory ductile 
behavior, displacing smoothly well beyond 12 mm.  Grouping effects for both the BC 
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and NS systems are also evident in Fig. 31.  That parameter is further discussed in 
Section 5.4.5. 
A key reason for selecting the NS connection setup was to mimic previous 
research done for VTRC by a research team at Virginia Tech (Scholz et al, 2007).  
Although this research dealt primarily with the grout material to be used in a pocketed 
shear connection, it also included shear tests of Nelson studs installed much the same 
way the NS specimens were prepared for this report.   The VTRC Nelson stud specimens 
were assembled with 2, 3, and 4 studs per specimen.  After normalizing by total 
connection yield, the results of the VTRC specimens and the NS specimens from this 
study can be ready compared. 
Table 6 shows the measured and calculated values from both reports, and the 
normalized results are notably comparable.  This correlation further emphasizes the 
efficacy of the experimental test setup used in this research, that is, one that does not 
introduce an artificial clamping force on the shear connection.   
5.4.5  Grouping effects of shear connectors 
Another parameter studied through the data gathered in these shear tests was the 
grouping effects of BC, NS, and TRS shear connections.  Due to the limited number of 
shear specimens tested, the connection details of each specimen were selected in order to 
contribute to a broad scoping investigation.  Consequently, as this study has a limited 
number of specimens tested and does not thoroughly explore different numbers of 
connectors or configurations of connectors within the pocket, it can only provide 
indicative trends for further investigation, if needed.  In general, it is evident from these 
tests that as the number of a given connector is increased, the connectors become less 
efficient in resisting the lateral force.  
Fig. 32 displays a normalized plot of the BC specimens.  An obvious view of the 
grouping effect is seen when comparing the plot of 1_BC_2.0_A to 2_BC_2.0.  Those 
two plots are very similar in shape, clearly exhibiting the five stages of behavior 
previously described, however the addition of a second connector drops the normalized 
force from approximately 0.8 to approximately 0.5.  The plot of 1_BC_2.0_B does not
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Fig. 31—Plot of normalized lateral force vs. relative displacement of the alternative 
connector types – BC and NS.  The 2_TRC_2.0_A is also shown as a baseline for 
comparison. 
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Table 6—Comparison of NS specimen performance to VTRC research 
Research 
organization Specimen alias 
Total shear 
connector area, 
mm2 (in2) 
Peak load, 
kN (kips) 
 
Sustained 
load, 
kN (kips) 
Normalized 
Peak 
load 
Sustained 
load 
VTRC 18-2NS-FSHP-SM-A 568 (0.88) 194 (44) 125 (28) 1.02 0.65 
VTRC 20-2NS-FSHP-SM-B 568 (0.88) 136 (31) 102 (23) 0.72 0.53 
TTI* 2_NS_2.0 776 (1.20) 294 (66) 227 (51) 1.10 0.85 
VTRC 22-3NS-FSHP-SM-A 858 (1.33) 258 (58) 182 (41) 0.89 0.63 
VTRC 23-3NS-FSHP-SM-B 858 (1.33) 242 (55) 212 (48) 0.84 0.74 
TTI* 3_NS_2.0 1162 (1.80) 360 (81) 300 (67) 0.90 0.74 
VTRC 19-4NS-FSHP-SM-A 1142 (1.77) 322 (72) 230 (52) 0.83 0.60 
VTRC 21-4NS-FSHP-SM-B 1142 (1.77) 315 (71) 282 (63) 0.82 0.73 
* present tests 
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Fig. 32—Plot of normalized lateral force vs. relative displacement to show grouping 
effects among the BC specimens.  The 2_TRC_2.0_A is also shown as a baseline for 
comparison. 
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exhibit a uniform displacement in the friction-stabilized region, instead providing a 
continually increasing strength that results in a final effective coefficient of friction of  
>1.0.  The cause of this different behavior is not known and has not been replicated with 
any of the other tests but is shown for completeness. 
Fig. 33 presents a normalized plot of the NS specimens, which exhibit a similar 
grouping effect as the BC specimens but to a lesser extent, with the normalized force 
dropping from approximately 0.85 to approximately 0.75. 
No conclusive determination of grouping effects can be made from comparing 
the TRS-Rough specimens because the brittle beam shear failure of the 
2_TRS_2.0_Rough specimen represents the failure performance of the beam rather than 
the connection as explained in Section 5.4.2.   
 
5.5  Simplified force-displacement model 
A simplified force-displacement model for full-depth precast panel to prestressed 
concrete girder connections is presented in Fig. 34, including the effects of intentionally 
roughening the mating surfaces of the connection. 
 
5.6  The importance of system detailing on performance 
During the course of testing it became evident that there was an inherent 
weakness in the detailing of the deck-haunch-beam system details.  Two TR fasteners 
when yielded have a combined pull-out force capacity of 632 kN .  This pull-out force 
imposes significant distress to the beam.  Evidently as the threaded rods become heavily 
strained, much of their anchorage is provided by the headed nut, which in turn imposes a 
large uplift force within the concrete beam.  This force is restrained by strut action from 
the nearby beam hoops, as previously shown in Fig. 4.  However, the initial analysis did 
not take into account the provisions outlined in ACI 318-08 Appendix D, specifically 
that the concrete failure cone is estimated at approximately 35° per the CCD method 
(Fuchs et al., 1995 ) and that in order to transfer the shear load, sufficient anchor 
reinforcement must be placed symmetrically within 0.5݄௘௙ of the anchorage, where ݄௘௙
74 
 
 
 
Fig. 33—Plot of normalized lateral force vs. relative displacement to show grouping 
effects between the NS specimens.  The 2_TRC_2.0_A is also shown as a baseline 
for comparison. 
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Fig. 34—Proposed design shear and friction capacity for full-depth precast 
concrete deck to concrete girder connections. 
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is the effective embedment depth of the anchor.  Clearly there were insufficient hoops 
for this purpose in some of the tests, particularly for the 89-mm (3.5-in.) haunch 
specimens.  Thus the beam shear reinforcement required for each connection should be 
detailed per Fig. 35 in order to prevent premature failure.   
The required shear reinforcement should be determined such that the capacity of 
the hoops within 0.5݄௘௙ of the fasteners should be no greater than the maximum fastener 
load.  More formally,  
 ݊ܣ௦௛ ௬݂௛ ൒ ݊௙ܣ௦௙ ௬݂௙   (13) 
where ݊ is the number of hoopsets required within േ0.5݄௘௙, ܣ௦௛ is the cross-sectional 
area of one hoopset, ௬݂௛ is the yield stress of the hoop steel, ݊௙ is the number of 
fasteners within each pocket, ܣ௦௙ is the net cross-sectional area of the shear connector, 
and ௬݂௙ is the yield stress of the shear connector (not greater than 0.8 ௨݂௙, where ௨݂௙ is 
the tensile strength of the shear connector).  
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Fig. 35—Detailing of beam shear reinforcement required for each shear 
connection. 
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CHAPTER VI 
DESIGN APPLICATIONS 
 
6.1  Introduction 
 This chapter presents the steps of applying the results and analysis of the shear 
tests to the design of a structure.  The design process is outlined first followed by a 
example problem. 
 
6.2  Design process 
The design of the shear connection of a bridge system with full-depth precast 
panels on prestressed concrete girders begins with calculating the design shear at each 
panel.  The shear demand per unit length for each panel is then calculated assuming 
uncracked properties of the composite section to resist the design loading and multiplied 
by the length of the panel to determine the design shear force per panel, ܳ௣.  Utilizing 
this value, the connector yield force, ܣ௦ ௬݂, and assuming a coefficient of friction, ߤ௙, 
allows the calculation of the number of pockets required, ݊, per Equation (14): 
 ݊ ൌ ொ೛
ఓ೑஺ೞ௙೤
 (14) 
Per the scope of this thesis and the practical limits of providing adequate shear 
reinforcement for each pocket, only one- or two-connector options are recommended at 
this time for 25-mm (1.0-in.) nominal diameter high-strength connectors.  For the 
coefficient of friction, two values should be used that correlate to dependable design 
values from the inferred friction coefficient shown in the simplified force-displacement 
model in Fig. 34 – 0.8 for connections intentionally roughened to an amplitude of 6 mm 
and 0.6 for connections not intentionally roughened.  Design numbers of pockets and 
fasteners are designated for each calculated value to ensure that the total number of 
fasteners is adequate.  For practicality in the reinforcing of the prestressed girders, panels 
will only be considered with two or more pockets.  The design can be established such 
that each panel is identical, both in roughening and in the number of pockets, or the 
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design can be optimized to find the most efficient combination of pockets and fasteners 
in each panel and whether roughening is required.  Finally, the shear reinforcing of the 
girders must be clustered per the procedure specified in Section 5.6 to ensure sufficient 
shear capacity to anchor the shear connectors. 
 
6.3  Design example 
6.3.1  Problem statement 
 A bridge is to be constructed using prestressed concrete girders and a full-depth 
precast deck panel system using a TRC connection system.  The bridge span is 36.6 m, 
and the length of each deck panel, ݈௣, is 2.44 m.  The distance between the internal 
compressive and tensile resultants, ݆݀, of the composite section is 1.5 m.  The yield force 
per TRC connection, ܣ௦ ௬݂, is 554 kN.  The design load case of AASHTO standard HL-
93 produces design shear loads, ܳ, of 802 kN and 270 kN at the ends and midspan, 
respectively. 
6.3.2  Solution 
Assume symmetry of the bridge on either side of the midspan and a linear shear 
relationship from the end to the midspan.  Calculate the shear per unit length, ݍ,  as 
  ݍ ൌ ொ
௝ௗ
  (15) 
The shear values this example are tabulated in Table 7.  The calculated and design 
number of fasteners and pockets per panel are presented in Table 8 based on the 
procedure outlined in Section 6.2, providing solutions for both matching and optimized 
panels with and without roughening. 
In order to demonstrate the variety of the procedure, a selected design solution 
utilizing optimized panels with and without roughening is highlighted in gray in Table 8: 
only panels 1-3 need to be roughened, panels 1-6 have 2 connectors while panels 7-8 
have 1 connector, and all panels require 3 pockets.  An alternate design solution is also 
presented utilizing connectors of larger diameter, a solution not yet confirmed through 
experimental testing.  Such a design is a practical solution if intentionally roughening the 
surfaces is not desired.  Further discussion of this issue is found in Section 7.2. 
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Table 7—Shear values for example panels 
Panel # Q, kN (kips) q, kN/m (kips/ft) Qp, kN (kips) 
1 802 (180) 535 (37) 1283 (293) 
2 726 (163) 484 (33) 1162 (266) 
3 650 (146) 433 (30) 1040 (238) 
4 574 (129) 383 (26) 919 (210) 
5 498 (112) 332 (23) 797 (182) 
6 422 (95) 281 (19) 675 (154) 
7 346 (78) 231 (16) 554 (127) 
8 270 (61) 180 (12) 432 (99) 
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Table 8—Numbers of pockets and fasteners required in each panel for example 
problem 
 μf = 0.6 μf = 0.8 
Selected 
Design 
Solution 
Alternate 
Design 
Solution 
Panel 
# 
Calculated 
number of 
fasteners  
Design # of pockets 
(fasteners) Calculated number of 
fasteners 
Design # of pockets 
(fasteners) 
Matching 
panels 
Optimized 
panels 
Matching 
panels 
Optimized 
panels 
1 7.5 4 (2) 4 (2) 5.6 3 (2) 3 (2) 3 (2)+ 3 (2)# 
2 6.8 4 (2) 4 (2) 5.1 3 (2) 3 (2) 3 (2)+ 3 (2)# 
3 6.1 4 (2) 3 (2) 4.6 3 (2) 3 (2) 3 (2)+ 3 (2)# 
4 5.4 4 (2) 3 (2) 4.0 3 (2) 2 (2) 3 (2) 3 (2) 
5 4.7 4 (2) 3 (2) 3.5 3 (2) 2 (2) 3 (2) 3 (2) 
6 4.0 4 (1) 3 (2) 3.0 3 (1) 2 (2) 3 (2) 3 (2) 
7 3.2 4 (1) 3 (1) 2.4 3 (1) 2 (2) 3 (1) 3 (1) 
8 2.5 4 (1) 3 (1) 1.9 3 (1) 2 (1) 3 (1) 3 (1) 
Gray shading denotes selected design solution 
+  Surfaces intentionally roughened 
#  Larger diameter fasteners, 29 or 32 mm, to be used 
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For a connection with two TR fasteners per pocket and using 12-mm (#4) hoops, 
Equation (13) has the solution 
 ݊ ൒ ଶ஺ೞ೑௙೤೑
஺ೞ೓௙೤೓
ൌ
൫ଶ ൈ ଷଷହ ௠௠మ൯ሺ଴.଼ൈଽସହ ெ௉௔ሻ
ሺଶହଷ ௠௠మሻሺସଷସ ெ௉௔ሻ
ൌ 4.61 (16) 
So three 12-mm (#4) hoopsets would need to be clustered within 0.5݄௘௙ of either side of 
the fasteners to provide adequate capacity and maintain symmetrical loading.  However, 
if 16-mm (#5) hoops are used, the solution becomes  
 ݊ ൒ ଶ஺ೞ೑௙೤೑
஺ೞ೓௙೤೓
ൌ
൫ଶ ൈ ଷଷହ ௠௠మ൯ሺ଴.଼ൈଽସହ ெ௉௔ሻ
ሺଷଽ଺ ௠௠మሻሺସଷସ ெ௉௔ሻ
ൌ 2.95 (17) 
Therefore two 16-mm (#5) hoopsets need to be clustered within 0.5݄௘௙ both sides of the 
fasteners in place of the three 12-mm hoopsets.  This appears to be a more manageable 
solution and would be selected for this case.  Only minimum shear reinforcement would 
be required in between the hoop clusters.  A representative diagram of the required shear 
reinforcing and strut-and-tie model for an entire three-pocket panel is shown in Fig. 36.  
Note that the angle between the connector-hoop compression strut and the vertical, ߮, is 
such that tan ߮ is approximately the effective coefficient of friction obtained from the 
experimental testing, between 0.6 and 0.8. 
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Fig. 36—Representative schematic of required shear reinforcement detailing and 
strut-and-tie model of a three-pocket panel. 
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CHAPTER VII 
SUMMARY 
 
7.1  Summary and conclusions 
A total of 24 specimens were experimentally evaluated to determine their initial 
breakaway shear strength, post-breakaway resistance in terms of an implied coefficient 
of friction, and ultimate displacement limits of various connectors.  Three failure 
mechanisms were observed from testing: 1) sliding shear, 2) beam failure, and 3) cone 
pullout failure.  The sliding shear failure mechanism was the most common.  The beam 
failure justified the importance of detailing, where hoopsets are needed to surround the 
connector to limit cone pullout and beam failure due to the shear stress concentration. 
Conventional R-bars were tested as control specimens to compare the 
performance of both pre-installed (precast) and post-installed shear connectors.  Several 
connectors and conditions were investigated to provide alternatives to optimize the 
performance of the deck-haunch-beam system.  The interface shear capacity of the 
existing R-bar system used in present practice is sound.  From the tests, the inferred 
coefficient of interface friction between cracked concrete-concrete interfaces that exist 
within the haunch of a prestressed concrete slab-on-girder bridge is at least 1.0.  The 
best-performing shear connector (for these initial tests without intentionally roughened 
surfaces) was the threaded rod with the coupler, which yielded an implied coefficient of 
friction of 0.6.  This specimen was used as the baseline model for comparing the 
performance of several other connection types and conditions explored.  The TRC 
specimen provided a lower-bound peak load resistance of 311 kN (70 kips) and 285 kN 
(64 kips) for the 51-mm (2.0-in.) and 89-mm (3.5-in.) haunch heights, respectively, with 
adequate ductility. 
Initial experimental test results revealed a coefficient of sliding friction in the 
cracked grout-bed that exists between the precast concrete slab and concrete girder of 
0.4 to 0.6.   The range of results was not expected, but revealed the importance and 
impact of surface roughening; the initial test specimens had relatively smooth shear 
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interface between the soffit of the precast panels and the grout in the haunch.  Therefore, 
additional tests were conducted to investigate alternative connectors and to conduct 
parametric studies to explore the effects of haunch height, surface roughness, an 
alternative grout, and grouping effects of connectors.  Several lessons were learned: 
1. Due to inadequate beam detailing, the tests with a 89-mm (3.5-in.) haunch 
revealed brittle beam failure.  This raised an important issue for the necessity of 
hoopsets that need to surround the connector. 
2. The effect of surface roughness was a critical parameter that significantly 
affected the shear resistance. 
3. An in-house grout was developed and yielded comparable results to the 
SikaGrout® 212 with a projected material cost that is much lower. 
4. While not constructible for the system with prestressed concrete girders, Nelson 
studs provided adequate shear resistance and ductility compared to previous tests 
conducted (Scholz et al, 2007). BC connections serve as viable and efficient 
alternatives to TRC connections. 
5. When the number of connectors increase, the connectors become less efficient in 
resisting lateral force due to grouping effects. 
6. From the tests performed, it was shown that a reliable coefficient of friction was 
0.8 in this roughened case compared to 0.6 without roughening the mating 
surface.  Therefore, having more friction contributes to the resistance of the 
system, particularly the deck-haunch-beam system for this investigation, since 
the interface shear is dependent on both the coefficient of friction and tensile 
capacity of the connector. 
A design procedure was provided for the determination of the number of pockets 
and TRC connectors needed to resist the shear flow in a design application. Adding a 
reasonable number of shear pockets can help distribute the shear load more evenly, 
though care should be taken to ensure that the pocket arrangement required can be 
included in the prestressing of the precast deck panels without undue effort and 
associated costs.   
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7.2  Recommendations for design and construction 
 Per the experimental results and analysis and the resulting conclusions outlined 
in Section 7.1, several recommendations are made for the engineering design and 
construction practices.  The provisions in the applicable design codes are revisited and a 
simplified cost-benefit analysis is presented for the construction of various connection 
types. 
7.2.1  Code change 
Based on the results of the tests performed, the 2007 AASHTO LRFD Bridge 
Design Specification Eq. 5.8.4.1-3 should be modified for the deck-haunch-beam system 
such that the nominal resistance of the interface plane shall be taken as the yield force of 
the connector(s) multiplied by a friction coefficient, provided that the haunch grout 
provides satisfactory flow and compressive strength characteristics.  Therefore, 
AASHTO LRFD Eq. 5.8.4.1-3 should be rewritten as 
 ௡ܸ௜ ൌ ߤ௙ܣ௦ ௬݂ (18) 
In the application of Equation (18) to full-depth precast panel connections to 
prestressed concrete girders, ߤ௙ should be taken as 0.8 for connections with mating 
surfaces intentionally roughened to an amplitude of 6 mm (0.25 in.) and 0.6 for grout-
concrete connections not intentionally roughened.  These friction factors are comparable 
to the concrete-concrete friction factors given in the 2007 AASHTO LRFD Bridge 
Design Specifications, 5.8.4.3 Cohesion and Friction Factor, where surface roughness of 
the shear plane is critical in affecting the interface shear transfer (LRFD 5.8.4, Interface 
Shear Transfer - Shear Friction) and an amplitude of 6 mm (0.25-in.) for surface 
roughening is cited.   
Additionally, the shear reinforcing of the girders of a system that utilizes a full-
depth precast panel must be clustered to withstand the concentrated shear loads from the 
pockets.  Fig. 35 should be added to the AASHTO LRFD Specification, and any beams 
utilizing this connection should be designed accordingly. 
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7.2.2  Specifications for application 
This thesis has demonstrated the efficacy of several shear connections for a full-
depth precast panel to prestressed concrete girder structure, including the TR, TRC, and 
BC connections.  In practice there are advantages and disadvantages of each. 
The TRC connection served as the baseline for comparison of different pre- and 
post-installed connection systems because of its excellent performance in terms of both 
strength and ductility.  The couplers increase the material cost of the connection and the 
labor cost at the prestressing contractor, but having a flat-topped girder will make 
transportation and panel placement easier.  One major drawback of this system is the 
potential for problems during the installation process.  The rods will have to be cut and 
filed to the correct length, either by a supplier or by the on-site contractor.  Both a nut 
and a rod have to be installed for each connector, and a second nut has to be used during 
installation as a lock-nut to ensure that the rod is properly seated in the threads of the 
coupler.  Also any damage to the threads in the coupler or on the rod could prevent the 
connection from being made without filing.  Another drawback is that threaded rods 
once cut to specific length lack a standard marking system, so care must be taken to 
ensure that high-strength threaded rod is kept separate from any other similar threaded 
rod on the job site. 
The BC system appears to perform very similarly to the TRC system, but further 
testing would add redundancy to the understanding of its strength and ductility.  The 
coupler in the BC system provides the same advantages as the coupler for the TRC 
system during precasting, transportation, and panel placement.  The main advantage 
would come in the installation phase of the connectors, as the bolt is a one-piece 
connector that could quickly be installed with an impact wrench.  Also the standard 
markings on structural bolts reduce the chance of the installation of an incorrect 
connector.  There is still a chance for installation delays due to damage to the threads of 
the connector or coupler, but they are somewhat lessened for the connector since the bolt 
threads are factory-finished.   
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The material cost of the TR connection system is less than the TRC and BC 
systems because no coupler is required.  Labor costs for installation are also less because 
the connection is less complicated and requires less rod cutting.  The drawbacks of this 
system are the complications in transportation and panel placement and the fact that it 
did not perform quite as well as the TRC baseline, though it generally exhibited 
satisfactory strength and ductility. 
It should also be noted that, with the exception of the CIP control specimens and 
the NS specimens for comparison with Scholz et al. (2007), this research only 
investigated the shear capacity of connections made using one or two high-strength steel 
connectors with a nominal diameter of 25 mm (1 in.).  In the case where a planned 
pocket shear capacity exceeds that of two such fasteners, more pockets should be used 
on the panel(s) in question.  If the number of pockets is constrained by other design 
parameters, the use of three or more 25-mm (1-in.) fasteners is not recommended, both 
because such a connection is outside of the scope of this research and for a number of 
practical considerations.  The first consideration is that prestressed concrete girders are 
generally cast with a web that is significantly narrower than the width of the top flange.  
This is especially true of so-called “Texas girders” and other girder designs developed to 
maximize component efficiency.  Thus the web is generally the controlling dimension 
for the width of the connector arrangement, which must include not only the connector 
head diameter but also the required spacing and concrete cover.  A second practical 
consideration is  that the length of each panel pocket is limited by the interference of the 
pockets with the transverse prestressing strands in the precast panels.  Thus the benefit of 
any increase in pocket length must be weighed against the cost of sacrificing the 
continuity of an additional panel prestressing strand. 
A viable alternative to the use of three connectors in a pocket is to investigate the 
use of two connectors with a slightly larger diameter of 29 mm (1⅛ in.) or 32 mm (1¼ 
in.).  The use of such connectors significantly increases the area of steel across the shear 
interface without proportionately increasing the space required in the panel pocket. 
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7.3  Recommendations for future research 
Though this thesis provides several viable solutions to provide a satisfactory 
shear connection, there are several aspects of this complex problem that were not fully 
investigated.  The aspects should be considered for further research in order to better 
understand the behavior of the variety of configurations of this structure. 
1. The clustering of girder hoops as explained in Chapter V.  This proposed method 
to provide adequate shear reinforcement for multiple connectors and the 
increased moment arm of a taller haunch, such as the 89-mm (3.5-in.) connection 
tested, are key to realizing the efficacy of a wider range of shear connections. 
2. The use of larger-diameter shear connectors as explained in Section 7.2.  In 
reviewing the results of this research, this sort of connector appears to be a viable 
solution to the problem created when the yield force of two connectors is 
insufficient and increasing the number of pockets is undesirable.  However, 
testing of such connections is required to substantiate that theory.  
3. Multiple pocket effects.  It is unknown how multiple pockets would interact if 
tested simultaneous on a full-panel system shear test. 
4. Fatigue testing.  The fatigue of highway structures is often the controlling design 
factor, but this thesis examines only quasi-static loading to the point of failure.  
Shear fatigue testing of connections under cyclical service loads would provide 
valuable information for forecasting the long-term performance of the system in 
the field. 
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APPENDIX A 
SHEAR TEST SUMMARIES 
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‐ First test ‐ no formal notes
‐ Loading was done with the hydraulic pump valves fully open using "bumps"
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Length of SP27 cable 12.00 in
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4_CIP_2.0_B ‐ "Jennifer"
‐ Tightened to 10k, back to 0
‐ Prestressed dywi to 6000 psi (120 k)
‐ Used hyrdaulic pump valve barely open for constant loading (worked well)
‐ Smooth failure at ~75k w/significant bucking
‐ Video and pictures
‐ Lost LV1 somewhere around initial failure
‐ SPs may have been altered by LV blocks
‐ Added LV3 (nugget‐column) and LV4 (donut‐column; 10.5 in from N)
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Length of SP25 cable 12.00 in
Length of SP26 cable 12.00 in
Length of SP27 cable 12.00 in
Length of SP28 cable 12.00 in
Effective area of connector 0.7854 in2
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2_TRC_2.0_A ‐ "Emily"
‐ Pretensioned to 6000 psi; problems tightening; used rope with 
coupler...standard for remained of tests.
‐ Nugget bucked up ~1/2" and failed
‐ Specimen cored at interior edge to allow for beam‐floor prestressing
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SP25 Height 12.5 in
SP26 Height 12.5 in
SP27 Height 12.5 in
SP28 Height 12.5 in
Distance from LV2 to LV4 4.5 in
Effective Gauge Length 13.57 in
Effective area of connector 1.0408 in2
εy =  0.0041
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2_TRC_2.0_B ‐ "Dopey"
‐ This was the one with bolts in the nugget and TRs in the donut.
‐ Good gradual fail
‐ First specimen tested in N‐S setup.
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Distance from LV2 to LV4 4.5 in
Effective Gauge Length 20.71 in
Effective area of connector 1.0408 in2
εy =  0.0041
εsu =  0.0277
εsh =  0.0060
fy =  120 ksi
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2TR_2.0_A ‐ "Happy"
‐ Good, gradual fail.
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SP27 Height 12.5 in
SP28 Height 12.5 in
Distance from LV2 to LV4 4.5 in
Effective Gauge Length 21.43 in
Effective area of connector 1.0408 in2
ey =  0.0041
εsu =  0.0277
εsh =  0.0060
fy =  120 ksi
fsu =  137 ksi
Es =  29000 ksi
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2TR_2.0_B ‐ "Sneezy"
Length between SPs 16.0 in
Width between LVs 16.5 in
Width between SPs 15.0 in
SP25 Height 12.5 in
SP26 Height 12.5 in
SP27 Height 12.5 in
SP28 Height 12.5 in
Distance from LV2 to LV4 4.5 in
Effective Gauge Length 20.71 in
Effective area of connector 1.0408 in2
ey =  0.0041
εsu =  0.0277
εsh =  0.0060
fy =  120 ksi
fsu =  137 ksi
Es =  29000 ksi
Esh =  1250 ksi
P =  1.572
Yield Tensile Force 124.6 kips
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ETS Input
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2_TRC_3.5_A ‐ "Snow White"
‐ Initial cracking of grout at 53k
‐ Sudden composite failure of grout, pocket concrete, and donut 
unconfined concrete
‐ Lost LV2 (and maybe SP28) at fail
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SP27 Height 12.5 in
SP28 Height 12.5 in
Distance from LV2 to LV4 4.5 in
Effective Gauge Length 22.14 in
Effective area of connector 1.0408 in2
ey =  0.0041
εsu =  0.0277
εsh =  0.0060
fy =  120 ksi
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Es =  29000 ksi
Esh =  1250 ksi
P =  1.572
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2_TRC_3.5_B ‐ "Bashful"
‐ Strain gauge A looks faulty ~4000 mstrain after chiseling out Snow 
White for SP5 string...SG2 used for correlation.
‐ Load rate a little fast...slowed at 55k
‐ Initial grout cracking at <55k
‐ Somewhat sudden failure at ~80k
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Effective Gauge Length 22.00 in
Effective area of connector 1.0408 in2
εy =  0.0041
εsu =  0.0277
εsh =  0.0060
fy =  120 ksi
fsu =  137 ksi
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Yield Tensile Force 124.6 kips
Connector Material Input
ETS Input
..
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Relative Displacement (in)
0
20
40
60
80
100
120
140
0.0 0.2 0.4 0.6 0.8 1.0 1.2
V
er
tic
al
 F
or
ce
 (k
ip
s)
Relative Displacement (in)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
0.0 0.2 0.4 0.6 0.8 1.0 1.2
In
fe
rr
ed
 S
lid
in
g 
Fr
ic
tio
n 
C
oe
ffi
ci
en
t
Relative Displacement (in)
 102
0
10
20
30
40
50
60
70
80
90
100
0.0 0.2 0.4 0.6 0.8 1.0 1.2
La
te
ra
l F
or
ce
 (k
ip
s)
Relative Displacement (in)
0 00
0.02
0.04
0.06
0.08
0.10
0.12
0 000
0.001
0.002
0.003
0.004
0.005
0.006
0.007
U
pl
ift
  D
is
pa
lc
em
en
t (
in
)
S
tra
in
εy
0
10
20
30
40
50
60
70
80
90
100
0 20 40 60 80 100 120 140
La
te
ra
l F
or
ce
 (k
ip
s)
Vertical Force (kips)
4_R_2.0‐A ‐ "Gavin"
‐ Took off Emily as 1 TR had sheared; Gavin had a sandy bottom; Used 
steel buildup as other bearing for prestressing dywidag
‐ No LV3
‐ Accidentally unplugged SP28 at ~60k
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Distance from LV2 to LV4 4.5 in
Effective Gauge Length 17.43 in
Effective area of connector 0.7854 in2
ey =  0.0022
εsu =  0.0885
εsh =  0.0066
fy =  63 ksi
fsu =  99 ksi
Es =  29000 ksi
Esh =  1175 ksi
P =  2.671
Yield Tensile Force 49.8 kips
Connector Material Input
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2_TR_3.5_A ‐ "Grumpy"
‐ Data isn't very easy to work with due to the small displacements and 
brittle failure...Lg is low, perhaps because these longer TRs have 
sufficient development length 
‐ First hairline crack at 40k; Beam fail at ~68k
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Length between SPs 16.0 in
Width between LVs 16.5 in
Width between SPs 15.0 in
SP25 Height 12.5 in
SP26 Height 12.5 in
SP27 Height 12.5 in
SP28 Height 12.5 in
Distance from LV2 to LV4 4.5 in
Effective Gauge Length 21.43 in
Effective area of connector 1.0408 in2
ey =  0.0041
εsu =  0.0277
εsh =  0.0060
fy =  120 ksi
fsu =  137 ksi
Es =  29000 ksi
Esh =  1250 ksi
P =  1.572
Yield Tensile Force 124.6 kips
Connector Material Input
ETS Input
..
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2_TR_3.5_B ‐ "Doc"
‐ Not a lot of data here due to the short ride
‐ Damage to concrete under SP28 during shifting
‐ First crack at 45‐50k; Beam fail at ~68k
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Length between SPs 16.0 in
Width between LVs 16.5 in
Width between SPs 15.0 in
SP25 Height 12.5 in
SP26 Height 12.5 in
SP27 Height 12.5 in
SP28 Height 12.5 in
Distance from LV2 to LV4 4.5 in
Effective Gauge Length 22.00 in
Effective area of connector 1.0408 in2
ey =  0.0041
εsu =  0.0277
εsh =  0.0060
fy =  120 ksi
fsu =  137 ksi
Es =  29000 ksi
Esh =  1250 ksi
P =  1.572
Yield Tensile Force 124.6 kips
Connector Material Input
ETS Input
..
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Relative Displacement (in)
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4_CIP_3.5_A ‐ "Meredith"
‐ Beamed cracked under SP28 during placement ‐moved up 3", so 9.5" 
instead of 12.5" from top of SP to bottom of hook
‐ First haunch crack at 40k
‐ No dependable data for strain and uplift.
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No dependable data
Length between SPs 16.0 in
Width between LVs 16.5 in
Width between SPs 15.0 in
SP25 Height 12.5 in
SP26 Height 12.5 in
SP27 Height 12.5 in
SP28 Height 9.5 in
Distance from LV2 to LV4 4.5 in
Effective Gauge Length 7.86 in
Effective area of connector 0.7854 in2
εy =  0.0022
εsu =  0.0885
εsh =  0.0066
fy =  63 ksi
fsu =  99 ksi
Es =  29000 ksi
Esh =  1175 ksi
P =  2.671
Yield Tensile Force 49.8 kips
Connector Material Input
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..
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Relative Displacement (in)
0
20
40
60
80
100
120
140
0.0 0.2 0.4 0.6 0.8 1.0 1.2
V
er
tic
al
 F
or
ce
 (k
ip
s)
Relative Displacement (in)
No dependable data
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
0.0 0.2 0.4 0.6 0.8 1.0 1.2
In
fe
rr
ed
 S
lid
in
g 
Fr
ic
tio
n 
C
oe
ffi
ci
en
t
Relative Displacement (in)
 106
0
10
20
30
40
50
60
70
80
90
100
0.0 0.2 0.4 0.6 0.8 1.0 1.2
La
te
ra
l F
or
ce
 (k
ip
s)
Relative Displacement (in)
0 00
0.01
0.02
0.03
0.04
0 000
0.001
0.002
0.003
0.004
0.005
0.006
0.007
U
pl
ift
  D
is
pa
lc
em
en
t (
in
)
S
tra
in
εy
4_CIP_3.5_B ‐ "Luis"
‐ Epoxy of LV3 and SP5 issue close to testing, but appear fine
‐ Initial crack at 47k
‐ Lots of displacement
‐ Small failure jump
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Length between SPs 16.0 in
Width between LVs 16.5 in
Width between SPs 15.0 in
SP25 Height 12.5 in
SP26 Height 12.5 in
SP27 Height 12.5 in
SP28 Height 12.5 in
Distance from LV2 to LV4 4.5 in
Effective Gauge Length 6.43 in
Effective area of connector 0.7854 in2
ey =  0.0022
εsu =  0.0885
εsh =  0.0066
fy =  63 ksi
fsu =  99 ksi
Es =  29000 ksi
Esh =  1175 ksi
P =  2.671
Yield Tensile Force 49.8 kips
ETS Input
Connector Material Input
..
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1_BC_2.0_A ‐ "Sleepy"
‐ Large Lg at 18.29 in, but solid results
‐ Performance seems very good ‐ strong, ductile, good μ
‐ Initial grout crack at ~44k
‐ Smooth initial failure at ~60k; Smooth travel out to 0.7 in at ~60k
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Length between SPs 16.0 in
Width between LVs 16.5 in
Width between SPs 15.0 in
SP25 Height 12.5 in
SP26 Height 12.5 in
SP27 Height 12.5 in
SP28 Height 12.5 in
Distance from LV2 to LV4 4.5 in
Effective Gauge Length 18.29 in
Effective area of connector 0.5204 in2
ey =  0.0049
εsu =  0.0180
εsh =  0.0050
fy =  142 ksi
fsu =  171 ksi
Es =  29000 ksi
Esh =  911 ksi
P =  0.411
Yield Tensile Force 74.1 kips
Connector Material Input
ETS Input
..
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1_BC_2.0_B ‐ "Hannah"
‐ Nothing out of LV2 ‐ LV1 gives a solid plot
‐ Strength gain with displacement is interesting
‐ Initial grout crack at ~35‐40k
‐ Bit of a jump at ~40‐45k
Length between SPs 16.0 in
Width between LVs 16.5 in
Width between SPs 15.0 in
SP25 Height 12.5 in
SP26 Height 12.5 in
SP27 Height 12.5 in
SP28 Height 12.5 in
Distance from LV2 to LV4 4.5 in
Effective Gauge Length 12.86 in
Effective area of connector 0.5204 in2
ey =  0.0049
εsu =  0.0180
εsh =  0.0050
fy =  142 ksi
fsu =  171 ksi
Es =  29000 ksi
Esh =  911 ksi
P =  0.411
Yield Tensile Force 74.1 kips
Connector Material Input
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..
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2_BC_2.0 ‐ "Thomas"
‐ No LV2
‐ Again, the bolts seem to perform well, better than the TRs.
‐ Initial grout crack at ~50k
‐ Ductile failure of beam at ~1.2" (78‐>71k)
‐ Cone pullout
Length between SPs 16.0 in
Width between LVs 16.5 in
Width between SPs 15.0 in
SP25 Height 12.5 in
SP26 Height 12.5 in
SP27 Height 12.5 in
SP28 Height 12.5 in
Distance from LV2 to LV4 4.5 in
Effective Gauge Length 14.29 in
Effective area of connector 1.0408 in2
ey =  0.0049
εsu =  0.0180
εsh =  0.0050
fy =  142 ksi
fsu =  171 ksi
Es =  29000 ksi
Esh =  911 ksi
P =  0.411
Yield Tensile Force 148.2 kips
Connector Material Input
ETS Input
..
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2_NS_2.0 ‐ "Jonathan"
‐ Appears that the steel yielded, vever fractured or even strain‐hardened.
‐ Rising branch is interesting...perhaps the second stud is engaging 
‐ Power issue at ~55k; Initial crack at ~60k; Opened at ~65k
‐ Sudden fail at ~60k, around 1.0"
0
10
20
30
40
50
60
70
80
90
100
0 20 40 60 80 100 120 140
La
te
ra
l F
or
ce
 (k
ip
s)
Vertical Force (kips)
Length between SPs 16.0 in
Width between LVs 16.5 in
Width between SPs 15.0 in
SP25 Height 12.5 in
SP26 Height 12.5 in
SP27 Height 12.5 in
SP28 Height 12.5 in
Distance from LV2 to LV4 4.5 in
Effective Gauge Length 17.85 in
Effective area of connector 1.2026 in2
ey =  0.0018
εsu =  0.0194
εsh =  0.0019
fy =  53 ksi
fsu =  78 ksi
Es =  29000 ksi
Esh =  1309 ksi
P =  0.885
Yield Tensile Force 63.2 kips
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3_NS_2.0 ‐ "John"
‐ The steel yields, but doesn't fracture or SH
‐ Again, there is a rising branch at the end (like in the other NS).  
‐ Initial crack at ~59k; Very ductile failure at ~73k out to ~1.2 in
‐ Slight jump at failure
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Length between SPs 16.0 in
Width between LVs 16.5 in
Width between SPs 15.0 in
SP25 Height 12.5 in
SP26 Height 12.5 in
SP27 Height 12.5 in
SP28 Height 12.5 in
Distance from LV2 to LV4 4.5 in
Effective Gauge Length 27.14 in
Effective area of connector 1.8040 in2
ey =  0.0018
εsu =  0.0194
εsh =  0.0019
fy =  53 ksi
fsu =  78 ksi
Es =  29000 ksi
Esh =  1309 ksi
P =  0.885
Yield Tensile Force 94.7 kips
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Connector Material Input
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1_TRS_2.0_Rough ‐ "David"
‐ LV1/LV2 displacement no good, so SP5‐LV3 used instead.
‐ Not too sure about how any slip of the anchoring Sika would show up, 
but it seems reasonable, though somewhat poor.
‐ Tightening load accidentally went to 25 kips 
Length between SPs 18.0 in
Width between LVs 16.5 in
Width between SPs 15.0 in
SP25 Height 12.3 in
SP26 Height 12.3 in
SP27 Height 12.3 in
SP28 Height 12.3 in
Distance from LV2 to LV4 4.5 in
Effective Gauge Length 14.28 in
Effective area of connector 0.5204 in2
ey =  0.0041
εsu =  0.0277
εsh =  0.0060
fy =  120 ksi
fsu =  137 ksi
Es =  29000 ksi
Esh =  1250 ksi
P =  1.572
Yield Tensile Force 62.3 kips
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2_TRS_2.0_Rough ‐ "Monique"
‐ This was a beam failure and no SG1, so the data is not as good.
‐ Initial crack at 71 k
‐ Beam fail in top 1/3 around 75 k
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1_KB_2.0 ‐ "William"
‐ Lg is small, but there was only 6 1/4" above the nugget surfarce.
‐ Initial crack at < 20k
‐ Slid at ~ 20 k ‐‐ not too good
‐Might have hit coupler at the end
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1_TRE_2.0 ‐ "Jackson"
‐ No data from LV2
‐ Initial crack at 30 k
‐ Back 1/3 of grout fractured off
‐ Sliding at 40 k
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1_TRS/AG_2.0_Rough ‐ "Reece"
‐ No data from LV2
‐ Initial crack at 25 k
‐ Lost LV2
‐ Beam fail in top 1/4 at jump
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1_TRS_2.0 ‐ "Matt"
‐ NoLV2; aside from that, the data looks pretty solid and consistent.
‐ Lg = 21.43" is a bit large
‐ Initial crack at 25 k
‐ Separation at the top of grout/donut bottom
‐ Cracking of donut and sliding at 36 k 
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